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ABSTRACT 
Novel Regulatory Mechanisms of Cytoplasmic Dynein:  
A Role for the Complex Base  
 
Sarah J. Weil 
 
 Cytoplasmic dynein is unique among cellular motors not only in its size and complexity 
but also its diversity of functions.  It is essential for many mitotic and interphase transport 
processes and its misregulation or malfunction results in devastating neurological disorders.   
Over 20 years of research in the field has identified many recruitment and regulatory factors, 
with dynactin and NudE/L-Lis1 being the most ubiquitous and well described.  Additionally we 
have recently gained detailed, high-resolution structures of the dynein motor domain and models 
for dynein stepping and mechanochemistry based on single molecule studies.  Despite this 
progress, little is known about the structure and coordination of functions at the base of the 
dynein complex, where nearly all interactions with regulatory and recruitment proteins occur.  
The studies herein examine two mechanisms of regulation that occur through dynein’s base.  
First we probe the contribution of the light chains to dynein function, structure and interaction 
with regulators.  Second we identify a novel mechanism by which dynactin increases dynein run 
length solely via interactions with the intermediate chain.  These findings represent the new 
frontier in the dynein field as investigators increasingly recognize the importance of long-range 
dynein regulatory mechanisms. 
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Introduction to Cytoplasmic Dynein 
Cytoplasmic dynein 1 (referred to as ‘dynein’ hereafter) is the principle minus-end 
directed microtubule (MT) motor in cells.  Since its discovery 26 years ago (Paschal et al., 1987), 
we have learned that it performs an array of essential cellular functions.  Dynein is responsible 
for minus end transport of membranous vesicles and organelles including Golgi and ER Golgi 
Intermediate Compartment (ERGIC) vesicles, lysosomes, endosomes, mitochondria and the 
nucleus (Akhmanova and Hammer, 2010; Murshid and Presley, 2004; van Spronsen et al., 2013; 
Vallee et al., 2012).  Additionally, dynein has a repertoire of mitotic roles.  It contributes to 
nuclear envelope breakdown (Salina et al., 2002), focuses spindle poles and orients the spindle 
by anchoring astral MTs at the plasma membrane (Radulescu and Cleveland, 2010), facilitates 
the formation of kinetochore-MT attachment, and upon proper MT attachment, removes 
checkpoint proteins from the kinetochore (Mao et al., 2010).  Other dynein cargo include 
mRNAs whose polarized localization is essential during development (Bullock, 2011), 
centrosomal proteins whose delivery to the centrosome is required for centrosome maintenance 
(Zimmerman and Doxsey, 2000), and viruses, which hitch a ride to the nucleus with dynein 
(Dodding and Way, 2011).  Unlike kinesins, which have evolved into a diverse group of 
specialized motors (Hirokawa et al., 2009), a single dynein must carry out these disparate, 
carefully regulated tasks.  How dynein achieves this is an active area of investigation in the field, 
and studies have focused on dynein subunit diversity as well as interactions with regulators and 
recruitment factors. 
Dynein Structure and Mechanochemistry 
Dynein is a large, 1.2 MDa complex comprising dimers of heavy chains (HCs), 
intermediate chains (ICs), light intermediate chains (LICs), and three pairs of light chains (LCs) 
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(Fig. 1-1 A).  The N terminal region of the 530 kDa HC mediates dimerization and binding to the 
other subunits while the C-terminus contains the motor domain.  The salient features of the 380 
kDa motor domain include the N-terminal linker region, a 13 nm ring formed by six 
concatenated AAA (ATPases Associated with various cellular Activities) domains, a protruding 
10 nm stalk with a distal MT binding domain (MTBD), the so-called buttress or strut at the base 
of the stalk, and, in non-fungal dyneins, a C-terminal globular domain (Tynan et al., 2000a; 
Carter et al., 2011; Kon et al., 2011) (Fig. 1-1 B).  The AAA domains are numbered 1-6 by their 
position within the HC with AAA1 being the most N-terminal.  While AAA1-AAA4 contain 
nucleotide binding P-loops (Neuwald et al., 1999), AAA1 is the primary site of ATP hydrolysis 
and is absolutely required for dynein function (Gibbons et al., 1987; Kon et al., 2004).  There is 
extensive evidence that nucleotide binding and/or hydrolysis occurs at the other domains and 
contributes to dynein activity, but how this is coordinated with AAA1 activity is unclear (Kon et 
al., 2005; 2004; Cho et al., 2008).  Interestingly, the MTBD-containing stalk emerges as an 
extended coiled-coil from AAA4, across the ring from AAA1, separating the sites of MT binding 
and ATP hydrolysis by over 20 nm (Carter et al., 2011; Kon et al., 2011) (Fig. 1-1 B).  This 
arrangement is distinct among cytoskeletal motors, where ATP hydrolysis and filament binding 
are typically coupled via structural proximity (Vale, 2003). 
Impressive structural and biochemical work from the Sutoh, Burgess, Vale and Carter 
labs over the last several years provides insight into dynein’s unique structure and 
mechanochemistry.  They have found that movement of the linker correlates with the ATP 
binding and hydrolysis cycle and generates force.  EM, FRET, activity assays, and crystal 
structures show that in the apo (no nucleotide) state, dynein binds strongly to MTs and that the 
linker, arising from AAA1, crosses over the ring and contacts AAA5.  ATP binding and 
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hydrolysis releases dynein from the MT and is thought to dislodge the linker, which bends and 
rotates the ring, moving the MTBD away from the linker and toward the minus end of the MT.  
In the ADP-Pi state dynein interacts weakly with the MT and upon ADP-Pi release the linker 
returns to the original conformation and the MTBD returns to a strong binding state, thereby 
translocating dynein along the MT (Roberts et al., 2009; Kon et al., 2005; Roberts et al., 2012; 
Kon et al., 2012; Schmidt et al., 2012) (Fig. 1-1 C).  The MTBD’s affinity for the MT is altered 
by sliding of the stalk’s anti-parallel coiled-coil (Kon et al., 2009; Carter et al., 2008), which is 
thought to be influenced by the linker contacts with AAA5, and the buttress emerging from 
AAA5 and contacting the base of the stalk (Kon et al., 2012; Schmidt et al., 2012) (Fig 1-1 B).  
Though tail-less artificially dimerized dynein motor domains have been used extensively 
to study dynein’s mechanochemistry and motor domain structure, the N-terminal tail region is 
essential for dynein function inside a cell.  Mutations in the HC dimerization region destabilize 
the complex and decrease dynein run length (Ori-McKenney et al., 2010) resulting in neuronal 
migration defects in the developing brain and motor neuron disease (Harms et al., 2012; Ori-
McKenney and Vallee, 2011).  The HC tail interacts directly with the LICs (~50 kDa) and the 
ICs (~75 kDa) (Tynan et al., 2000a).  The ICs bind the HCs through C-terminal WD domains 
while their unstructured N-terminus interacts with three pairs of LCs (~10 kDa) (Fig 1-1 A).  
Except for the HC, in mammals there are two genes for each subunit and multiple splice variants 
of both IC genes, allowing for substantial variability in composition of the base (Pfister et al., 
2005; Vaughan and Vallee, 1995; Kuta et al., 2010).  A recent attempt to build recombinant 
dynein from the individually expressed subunits reveals that the base is required for dynein’s 
structural integrity.  Recombinant HCs expressed in insect cells are highly insoluble unless both 
ICs and LICs are added, and EM images of HC-LIC-IC complexes show the motor domains 
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splayed away from each other, suggesting that LCs may stabilize the complex (Trokter et al., 
2012).  Given dynein’s size and complexity, in vitro data have mostly been gathered from 
mammalian dynein purified from brain and full dynein complexes or motor domain constructs 
expressed and purified in D. discoideum or S. cerevisiae. 
 
Figure 1-1. Dynein Structure and Mechanochemistry. (A) The dimeric arrangement of dynein subunits (adapted 
from (Barbar, 2012)).  The heavy chains (HCs) have a C-terminal motor domain and N-terminal tail, which interacts 
with the light intermediate chains (LICs) and intermediate chains (ICs).  The IC C-terminal WD domain binds the 
HCs and the unstructured N-terminus interacts with three pairs of light chains (LCs) from the TcTex, LC8, and 
LC7/Roadblock families.  Note that LICs form a dimer, which is not depicted here.  (B) Crystal structure of the D. 
discoideum dynein motor domain (adapted from (Kon et al., 2012)).  Six AAA domains are arranged in a ring with 
the stalk and strut/buttress extending from AAA4 and AAA5, respectively.  The linker and C-terminal domain (C-
sequence) lie on opposite faces of the ring.  The MTBD at the tip of the stalk is not visible.  Below is a color coded 
diagram of the HC domains.  (C) The dynein power stroke cycle (adapted from (Roberts et al., 2012)).  In the apo 
state, dynein binds the MT strongly and the linker contacts AAA5.  ATP binding and hydrolysis trigger release from 
the MT and a series of conformational changes that dislodge and bend the linker, causing the MTBD to move along 
the MT.  Upon ATP-Pi release the linker and MTBD return to their original conformation and dynein binds to the 
MT again. 
earlier results from negative-stain EM (Burgess et al., 2003,
2004a). Interestingly, a report suggests that the tail flexibility in
outer-arm dynein is regulated by calcium-dependent interac-
tions with the LC4 light chain (Sakato et al., 2007). Together,
these results indicate that the neck is a flexible structure that
can be strained by forces in the axoneme and might also be
acted on by dynein cofactors.
Mechanism of Linker Movement and Undocking
Our cryo-EM structures of axonemal and cytoplasmic dynein
provide evidence that ATP binding at AAA1 causes hinging
within the linker. This hinge site is near a cleft previously identi-
fied between linker subdomains (Kon et l., 2012; Schmidt
et al., 2012). The finding that the distal linker moves with respect
to the base provides an explanation for earlier in vitro motility
studies, in which the microtubule-gliding velocity dropped cl se
to zero when dynein was tethered via sites that can now be
mapped to the linker’s base (Shima et al., 2006).
Undocked from the AAA+ ring, the linker domain appears as
a mechanically stable entity. This implies that hinging within
the linker is strongly promoted by interaction with the AAA+
modules. Supporting this, the bend we find within the primed
linker is sharper and larger than that predicted from normal
mode analysis of the unprimed structure (Zheng, 2012). Crystal-
lographic analysis of the motor domain in the ADP state has
revealed that two b hairpins within AAA2 contact the linker
on either side of the cleft site, making these motifs strong candi-
dates to mediate hinging (Kon et al., 2012). In ADP.Vi dynein-c
the linker domain does not exclusively adopt a primed position,
perhaps because the linker exists in a dynamic equilibrium in this
state as previously considered (Roberts et al., 2009). This could,
in principle, enable dynein to sample a range of binding sites on
the microtubule during the weak binding phase of its mechano-
chemical cycle (see below).
The linker movement suggested by our data implies inter-
esting similarities and differences with the mechanical elements
in the other cytoskeletal motor families (Vale and Milligan, 2000).
In the case of kinesin-1, the neck linker is a small mobile
polypeptide that docks onto the catalytic domain upon ATP
binding. In contrast the lever domain of myosin appears closer
in mechanical properties to dynein’s linker but rotates as a rigid
body to amplify movement rather than being actively reshaped.
Thus, themechanism of linker motion in dynein appears concep-
tually closer to the actions of other AAA+ machines, which also
use ATP to remodel mechanically stable substrates. Interest-
ingly, however, the specifics of the remodeling reaction can
vary widely within the superfamily. For instance some AAA+
proteins such as unfoldases use loops in the lumen of their ring
to perform vectorial work on their substrates (Martin et al.,
2008), whereas others like PspF (Rappas et al., 2005) and dynein
(Kon et al., 2012) grip their targets using inserts on the face of the
AAA+ ring.
In this study we discovered conditions that cause the linker to
frequently become detached from the AAA+ ring. This ADP-
induced effect is seen in a construct bearing a truncated
C-terminal domain, making it similar in length to naturally shorter
fungal dyneins. Forces associated with surface adsorption of the
protein during negative staining may also have been involved in
eliciting linker undocking. In this regard it is interesting to
consider whether the linker can undock from the ring under
physiological conditions. For example might the forces imparted
by macromolecular cargo, a partnering motor, or the actively
beating flagellum cause linker undocking? One clue comes
from single-molecule experiments that indicate that the distance
between heads in cytoplasmic dynein dimers is able to exceed
the maximum separation expected from molecules with docked
linkers (DeWitt et al., 2012; Qiu et al., 2012).
Implications for Microtubule-Based Movement
We bring our results and previous studies together into
a refined model for the mechanochemical cycle of dynein-c
(Figure 8). Our analysis of cytoplasmic and axonemal dyneins
indica es that the core features of the mechanism are common
to both.
(1) With its main ATPase site (AAA1) empty, dynein is
bound tightly to the microtubule track. The linker and
neck are latched onto AAA5 and AAA4 in the ring, respec-
tively.
(2) The binding of ATP between AAA1 and AAA2 causes the
large gap between these modules to close. This event
begins a complex set of domain motions within the ring.
One clear change is a rearrangement involving AAA4
and AAA5, which may dislodge the linker and neck. A
second likely consequence is to alter interactions
between the stalk (embedded in AAA4) relative to the strut
Figure 8. Model Cycle for How Structural Changes in Dynein
Produce Motility
See text for details and discussion of possible intermediate states. MT,
microtubule. Plus (+) and minus (!) signs indicate microtubule polarity.
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Figure 1 Schematic representation of cytoplasmic dynein
Shown is the assembly of six proteins: the N-IC (grey lines) is intrinsically
disordered; the C-IC (grey spheres) is predicted to be ordered; and
the three homodimeric light chains are Tctex1 (yellow), LC8 (green),
and LC7 (dark blue). Also shown are the light ICs (LIC, purple), the
heavy chain (light blue) and a microtubule (orange). The motor region
of dynein consists of the heavy chain subunits that form a ring of
AAA (ATPase associated with various cellular activities) domains and
a microtubule-binding domain attached to the AAA ring by a flexible
15-nm coiled-coil stalk. The broken grey lines are the disordered linkers
connecting the IC segments that bind the light chains.
a mixture of ordered and disordered residues. Disordered
structures are defined as flexible ensembles of conformations
that are, on average, aperiodic, extended and not well packed
by other protein atoms. IDPs play diverse roles in the
promotion of supramolecular assembly and regulation of
function in various binding partners, and are themselves
highly amenable to regulation through post-translational
modification. IDPs are often located at the centre of biological
complexes where they may act as scaffolds presenting
multiple binding domains and promoting spatial orientations
that facilitate protein–protein interactions (reviewed in [18]).
Often these IDPs, when present in complexes, fold upon
binding [19], or retain their disordered structure in the
complex, a phenomenon referred to as fuzziness [20].
The assembly of the intrinsically disordered N-IC cons-
titutes yet another class of disordered complexes. The N-
IC contains several disordered linear motifs that adopt
unique structures when bound to dynein light chains. These
induced structures complete the fold of the binding partners,
whereas the linkers connecting the multiple linear motifs
which are not involved in binding remain disordered
[5,6,21,22]. The linear motifs in the dynein IC have the
propensity to fold either as β-strands (recognition motifs for
Tctex1 and LC8) or α-helix (recognition motif for L 7), but
only adopt this fold whe bound to these partners. F gure 2
illustrates the different linear motifs in the dynein IC in the
apo and step-wise bound forms.
NMR spectroscopy and ITC (isothermal titration calor-
imetry), as demonstrated below, is a powerful combination
for identifying recognition elements in disordered proteins
and the energetics of multiple association steps.
Dynactin and NudE share common
structural domains
The residues primarily involved in the interaction between
the dynein IC, dynactin p150Glued and NudE include, for
all three proteins, segments whose secondary structure is
predicted by standard sequence-based algorithms to be coiled
coil.NudEhas a predictedN-terminal coiled-coil domain and
a largely unstructuredC-terminal domain that associateswith
CENP-F (centromere proteinF), a nuclearmatrix component
required for kinetochore–microtubule interactions [23]. In
solution, the N-terminal domain of NudE, nNudE, is a
dimeric coiled coil as predicted [24]. Solution studies of
p150CC1 (residues 221–509) indicate a dimeric coiled coil as
predicted (results not shown). In contrast, NMR studies on
apo IC1-143 which contains the binding sites for p150Glued,
NudE, Tctex1 and LC8 show that, whereas residues 3–36
are helical as predicted, there is no detectable population of
stable coiled coil, and the predominant conformations of the
unbound IC are disordered [21,25]. In the apo form, IC1-143
is disordered, but contains a short helical structure localized
by NMR secondary chemical shifts to IC residues 1–40 [21].
Recognition sites identified by NMR and ITC
AcombinationofNMRspectroscopy and ITCshows that the
binding site of p150Glued on ICs corresponds to two segme ts:
region 1 composed of residues 1–41, a sequence predicted to
have coiled-coil secondary structure, and region 2, composed
of residues 46–75, a predominantly unstructured segment
with nascent helical propensity [21]. These binding regions
were identified by peak disappearance in NMR spectra of
15N-labelled ICs upon titration with unlabelled p150Glued.
The differentiation between region 1 and 2 is due to their
disappearance at different ratios during the titration. No new
peaks appear for the bound form, either due to the large
(100 kDa) complexor to exchangebroadening associatedwith
the dynamic nature of the complex, or to a combination of
both. The peaks that are retained in the spectrum belong to a
segment that is completely disordered and thus has relaxation
behaviour different from that of the bound complex. Similar
experiments with NudE show a different pattern of peak
disappearance, indicating that only region 1 is involved in
binding.
Since the characterization of the bound complex is
hampered by disappearance of the peaks at the binding site,
an additional complementary technique is used to verify
the binding boundaries. Smaller constructs that c rrespond
to region 1 alone, and those that contain regions 1 and 2,
were made and their binding to both p150 and NudE was
characterized by ITC and co p re with a larger domain
of IC. With NudE, region 1 retains the full binding affinity,
whereas with p150Glued, both regions 1 and 2 are required to
match the binding affinity of NudE observed with region 1
alone [21,24].
Features of this shared binding segment are as fol-
lows. First, there are two non-contiguous IC-recognition
C©The Authors Journal compilation C©2012 Biochemical Society
I (PS-I) inserts (Supplementary Fig. 4b). AAA5 contains an additional
globular structure (named here the AAA5 extension) that contains
eight a-helices (H9–H16) and protrudes from the back face of the ring
(Supplementary Fig. 3a).
Above the front face of the ring, the linker exists as a rod-like
structure that comprises nineteen a-helices and eight b-strands and
can be partitioned into five subdomains from 0 to 4 (Supplementary
Fig. 3b). This structure extends from AAA1-a/b above the ring to the
periphery of AAA4 (Fig. 1b, c). Between AAA4 and AAA5, two
prominent coiled coils protrude and form a Y-shaped structure
(Fig. 1b, c and Supplementary Fig. 3c). The longer coiled coil extend-
ing fromAAA4 is the stalk and the shor r one extendi g fromAAA5
is the strut (the buttress) thatwas identified inpreviousX-ray studies16,17.
TheWT-A stalk inclu sMTBD at the tip, whe eas in theWT-B stalk,
MTBD and its distal portion (K3359–K3512) are missing, probably
due to structural flexibility of the stalk. On the ring’s back face, the C
sequence exists as a complex structure compr sing six a-helices and a
incomplete six-stranded antiparallel b-barrel (Supplementary Fig. 3d).
The shape of the C sequence is distinctively flat, spreading over the
a-submodules of AAA1, AAA5 and AAA6 (Fig. 1b).
This overall structure is similar at the secondary structure level to
the medium-resolution structures16,17 (see Supplementary Fig. 5 for
comparison with our previous 4.5 A˚ model, which corrects errors in
assignment in the previous study17). However, unlike previousmodels,
our structure is reliable enough to discuss the dynein structure and
mechanism at the level of individual amino acid residues, as judged
from the reasonable refinement statistics at 2.8 A˚ resolution and result-
ing electron-density maps.
The four nucleotide-binding sites
The motor domain has four ADP molecules bound to the first four
AAA1 modules (Fig. 2a), in agreement with a previous biochemical
study23. Each nucleotide-binding site is formed at the interface
between three submodules, a/b and a of one module and a/b of the
adjacent module (Fig. 2b–e and Suppleme tary Fig. 6), with a struc-
tural organization very similar to tha of other AAA1 ATPases9,21,22.
At the AAA1 nucleotide-binding site (Fig. 2b), the phosphate moiety
of ADP is surrounded by the Walker-A motif (G1977–T1981) in
AAA1-a/b, whereas the ribose moiety is recog ized by the sensor-II
motif (R2150) and neighbouring residues (L2149 and K2153) in
AAA1-a. The adenine base is acco modated by hydrophobic residues
in AAA1-a (I2108) and the N loop (L1947 and V1948) connecting
the linker with the AAA1 ATPase site (Fig. 2a, b and Supplementary
Fig. 6a). Given that ATP is the only energy source for dynein motor
function24 although it can hydrolyse other nucleotides25, e adenine
base recognition by the N loop is probably involved in the coupling of
the linker actions nd ATPase. Residues in Walker-B (D2026 and
E2027) and sensor-I (N2078)motifs of AAA1-a/b, which are generally
required for ATP hydrolysis, occupy the nucleotide-binding site. In
addition, an arginine finger (R2410) crucial for ATP hydrolysis
stretches from the adjacent AAA2-a/b and points to the bound ADP.
Among the AAA1–AAA4 nucleotide-binding sites with similar
structural frameworks, A2 shows several distinct characteristics
(Fig. 2c). First, the crucial sensor-IImotif i missing andL2531 occupies
the position. Second, in the Walker-B motif, the conserved glutamic
acid essential for ATP hydrolysis replaced by glycine (G2357).
Moreover, two arginine fingers (R2806 and R2809) fro the adjacent
AAA3module interact extensively with the phosphat s of b und ADP.
The unique nucleotide-binding mod of AAA2 indicates that this site
binds ADP and/or ATP but does not hydrolyse ATP. In contrast to
AAA2, most functional motifs of AAA3 and AAA4 required for ATP
binding and hydrolysis are oriented in a canonical manner (Fig. 2d, e),
indicating that dynein has three ATP hydrolysis sites—AAA1, AAA3
and AAA4. This was further supported by pre-steady-state kinetic ana-
lysis of phosphate release from the motor domain carrying multiple


























































Figure 1 | Overall structure of the dynein motor domain. a, Sequence
diagrams of dynein heavy chain and wild- ype and DMTBD motor domains,
showing tail, linker and six AAA1 modules constituting ring, stalk–strut and
C-sequence. The colour code shownhere is used for all figures, unless otherwise
noted. b, c, Ribbon representation of DMTBD (b) and wild-type (c) motor
domain structures.
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I (PS-I) inserts (Supplementary Fig. 4b). AAA5 contains an additional
globular structure (named here the AAA5 extension) that contains
eight a-helices (H9–H16) and protrudes from the back face of the ring
(Supplementary Fig. 3a).
Above the front face of the ring, the linker exists as a rod-like
structure that comprises nineteen a-helices and eight b-strands and
can be partitioned into five subdomains from 0 to 4 (Supplementary
Fig. 3b). This structure extends from AAA1-a/b above the ring to the
periphery of AAA4 (Fig. 1b, c). Between AAA4 and AAA5, two
prominent coiled coils protrude and form a Y-shaped structure
(Fig. 1b, c and Supplementary Fig. 3c). The longer coiled coil extend-
ing fromAAA4 is the stalk and the shorter one extending fromAAA5
is the strut (the buttress) thatwas identified inpreviousX-ray studies16,17.
TheWT-A stalk includesMTBD at the tip, whereas in theWT-B stalk,
MTBD and its distal portion (K3359–K3512) are missing, probably
due to structural flexibility of the stalk. On the ring’s back face, the C
sequence exists as a complex structure comprising six a-helices and an
incomplete six-stranded antiparallel b-barrel (Supplementary Fig. 3d).
The shape of the C sequence is distinctively flat, spreading over the
a-submodules of AAA1, AAA5 and AAA6 (Fig. 1b).
This overall structure is similar at the secondary structure level to
the medium-resolution structures16,17 (see Supplementary Fig. 5 for
comparison with our previous 4.5 A˚ model, which corrects errors in
assignment in the previous study17). However, unlike previousmodels,
our structure is reliable enough to discuss the dynein structure and
mechanism at the level of individual amino acid residues, as judged
from the reasonable refinement statistics at 2.8 A˚ resolution and result-
ing electron-density maps.
The four nucleotide-binding sites
The motor domain has four ADP molecules bound to the first four
AAA1 modules (Fig. 2a), in agreement with a previous biochemical
study23. Each nucleotide-binding site is formed at the interface
between three submodules, a/b and a of one module and a/b of the
adjacent module (Fig. 2b–e and Supplementary Fig. 6), with a struc-
tural organization very similar to that of other AAA1 ATPases9,21,22.
At the AAA1 nucleotide-binding site (Fig. 2b), the phosphate moiety
of ADP is surrounded by the Walker-A motif (G1977–T1981) in
AAA1-a/b, whereas the ribose moiety is recognized by the sensor-II
motif (R2150) and neighbouring residues (L2149 and K2153) in
AAA1-a. The adenine base is accommodated by hydrophobic residues
in AAA1-a (I2108) and the N loop (L1947 and V1948) connecting
the linker with the AAA1 ATPase site (Fig. 2a, b and Supplementary
Fig. 6a). Given that ATP is the only energy source for dynein motor
function24 although it can hydrolyse other nucleotides25, the adenine
base recognition by the N loop is probably involved in the coupling of
the linker actions and ATPase. Residues in Walker-B (D2026 and
E2027) and sensor-I (N2078)motifs of AAA1-a/b, which are generally
required for ATP hydrolysis, occupy the nucleotide-binding site. In
addition, an arginine finger (R2410) crucial for ATP hydrolysis
stretches from the adjacent AAA2-a/b and points to the bound ADP.
Among the AAA1–AAA4 nucleotide-binding sites with similar
structural frameworks, AAA2 shows several distinct characteristics
(Fig. 2c). First, the crucial sensor-IImotif ismissing andL2531 occupies
the position. Second, in the Walker-B motif, the conserved glutamic
acid essential for ATP hydrolysis is replaced by glycine (G2357).
Moreover, two arginine fingers (R2806 and R2809) from the adjacent
AAA3module interact extensively with the phosphates of bound ADP.
The unique nucleotide-binding mode of AAA2 indicates that this site
binds ADP and/or ATP but does not hydrolyse ATP. In contrast to
AAA2, most functional motifs of AAA3 and AAA4 required for ATP
binding and hydrolysis are oriented in a canonical manner (Fig. 2d, e),
indicating that dynein has three ATP hydrolysis sites—AAA1, AAA3
and AAA4. This was further supported by pre-steady-state kinetic ana-
lysis of phosphate release from the motor domain carrying multiple
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Dynein Biophysical and Biochemical Properties 
The biochemical and biophysical properties of dynein have been studied extensively and 
several groups have made significant advances in understanding dynein’s movement at the single 
molecule level.  Mammalian dynein is purified in part via its ATP-dependent release from MTs 
(Paschal et al., 1991) and the kinetics of its MT-stimulated ATP hydrolysis under varying 
conditions have been characterized (Shpetner et al., 1988).  Dynein’s activity and minus end 
specificity were originally confirmed by MT gliding assays, where dynein is immobilized in on a 
coverslip and powers the movement of MTs (Paschal and Vallee, 1987).  Single molecule 
measurements of velocity, run length, step size and force became possible with the advent of 
optical trapping, by attaching motors non-specifically to carboxylated beads and measuring their 
movements on immobilized MTs (Wang et al., 1995; Svoboda and Block, 1994).  More recent 
developments have made use of TIRF microscopy and various fluorescent moieties to label 
motors directly, though these methods clearly do not yield force measurements and are more 
easily applied to genetically tractable organisms, such as S. cerevisiae.  Importantly, some of the 
biochemical and biophysical characteristics of S. cerevisiae dynein differ from those of 
mammalian dynein, potentially due to the loss of the C-terminal domain of the HC in most 
fungal dyneins (Hook, 2010).  At saturating ATP concentrations mammalian dynein glides MTs 
at average speeds ranging from 0.6-1.25 μm/sec (Steffen et al., 1997; Paschal et al., 1987) and 
reported single molecule average speeds are similar at 0.7-1.0 μm/sec (King and Schroer, 2000; 
Mckenney et al., 2010; Ori-McKenney et al., 2010).  Average mammalian dynein run lengths are 
0.4-0.9 μm, and single molecules can produce up to 1.1-1.4 pN of force (King and Schroer, 
2000; Mckenney et al., 2010; Wang et al., 1995; Ori-McKenney et al., 2010).  In budding yeast 
values for MT gliding and single molecule velocities at saturating ATP concentrations are 
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similar to each other but approximately 10-fold slower than in mammals, averaging ~80 nm/sec.  
Average run length varies from 1-2 μm, and a single molecule can produce up to 7 pN of force 
(Kardon et al., 2009; Reck-Peterson et al., 2006; Gennerich et al., 2007).  Both yeast and 
mammalian dynein take steps ranging from 8 nm to 32 nm and step size is shortest when the 
motor is under load (Mallik et al., 2004; Gennerich et al., 2007).  Variable step size may confer 
multi-motor cooperative properties that are not observed with kinesin (Rai et al., 2013).  Two 
recent studies used artificially dimerized yeast motor domains where each monomer was labeled 
with a different fluorophore, to show that dynein stepping is generally uncoordinated.  They 
observe frequent back steps and repeated stepping by the same head and conclude that there is 
little communication between heads to prevent their simultaneous dissociation from the MT 
(DeWitt et al., 2011; Qiu et al., 2012).  However, Qiu et al. note that as inter-head distance 
increases, the likelihood of more coordinated, alternate-head forward stepping also increases.  
Given there is much room for improvement, it is tempting to speculate that other dynein subunits 
or interaction partners may enhance inter-head coordination. 
Dynein Subunit Contributions to Function 
Soon after dynein’s discovery, researchers characterized dynein subunits and found that 
there are two genes for each (excluding the HC) and many isoforms of the IC (Pfister et al., 
2006).  Naturally theories began to develop that dynein is adapted for particular functions by 
incorporating different subunit genes or isoforms that interact solely with specific recruitment or 
regulatory factors.  Indeed there is some evidence for this, however we still lack data about the 
specific biological role of many dynein subunit isoforms.  Additionally, there is a growing body 




 The dynein intermediate chains have emerged as the nexus of dynein recruitment and 
regulation.  In addition to interacting with dynactin and NudE/L, ubiquitous dynein regulation 
and recruitment factors, they can independently recruit a growing list of proteins (Fig. 1-2 A).  
Mammals contain two genes, IC1 and IC2, with six and eleven alternate splice variants, 
respectively.  Except for one IC2 variant (IC-2C) all are found exclusively in the central nervous 
system or embryonic tissue (Kuta et al., 2010), suggesting specialized functions in these tissues.  
With the exception of two studies showing increased association of TrkB endosomes or 
mitochondria with different splice forms (Ha et al., 2008; Mitchell et al., 2012), the significance 
of different IC genes and alternative splice forms remains largely unknown.  Note that in the 
following discussion specific residues will refer to rat IC-2C (Accession number NM_053880)!
numbering. 
 All splice sites (Kuta et al., 2010), several phosphorylation sites (Vaughan et al., 2002; 
Whyte et al., 2008; Mitchell et al., 2012), the dimerization region and LC interaction sites 
(Nyarko and Barbar, 2010) and non-dynein protein binding sites (see Fig. 1-2 and below for 
references) are located in the N-terminal half of the ICs, while the C-terminal region binds the 
HCs and is predicted to contain seven WD domains (King, 2000; Paschal et al., 1992; Ma et al., 
1999) (Fig. 1-2 A).  Most of the IC N-terminus is unstructured, though the first 60 amino acids 
are predicted to form a coiled coil and there is increased order upon LC binding (Barbar, 2012).  
Importantly, NudE/L and dynactin p150 bind overlapping sites in the first 70 IC residues 
(Mckenney et al., 2011; Nyarko et al., 2012), the only example of mutually exclusive 
interactions with the dynein complex thus far, and which may have profound regulatory 
consequences.  In addition the IC N-terminal region interacts with several proteins thought to 
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recruit dynein to specific locations (Fig. 1-2 A, Fig. 1-5 and Table 1-2).  In particular, huntingtin 
and golgin 160 interact with the IC N-terminus and both are involved in recruiting dynein to 
membranes.  Huntingtin is implicated in dynein mediated transport of Golgi, lysosomes, and 
endosomes and golgin160 interacts with ATP-Arf1 and can directly recruit dynein to the Golgi to 
maintain its pericentriolar organization (Caviston et al., 2011; 2007; Yadav et al., 2012).  The 
neuronal SNARE binding protein snapin also interacts directly with IC1 in the same region as 
the LCs, and its interaction recruits dynein to late endosomes/lysosomes and TrkB signaling 
endosomes in neurons (Cai et al., 2010; Sheng et al., 2012).  In blot overlay assays Zw10 binding 
to IC is increased by phosophorylation at tyrosine 89, suggesting Zw10 may interact directly 
with IC in this region and contribute to dynein recruitment to kinetochores (Whyte et al., 2008) 
or membranes (Varma et al., 2006; Civril et al., 2010).   
 Two other phosphorylation sites in this region have been identified, S81 and S84, and all 
three sites are present in both IC homologues (Pullikuth et al., 2013; Vaughan et al., 2001).  T89 
appears in all splice variants, but some IC1 splice forms lack S81 and S84 (Fig. 1-2 B).  
Importantly, the relative positions of these residues vary among splicing forms (Kuta et al., 
2010) (Fig. 1-2).  IC-2C phosphorylated at T89 and S84 individually decrease the interaction of 
dynactin p150 with dynein, though these residues are outside of the defined p150 binding region 
and in some splice variants may be more than 40 residues away (Whyte et al., 2008; Vaughan et 
al., 2001) (Fig. 1-2 A).  Phosphorylation at S80 in one IC1 isoform (equivalent to S81 in IC-2C) 
was observed to increase association of dynein with Rab7 and TrkB vesicles in hippocampal 
neurons, though the underlying mechanism is not understood (Mitchell et al., 2012).  
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Figure 1-2. Dynein Intermediate Chain Map (modified from (Kuta et al., 2010)). (A) The longest IC1 (top) and 
IC2 (bottom) isoforms.  Exons are in grey and the shortest splice variants lack the regions bracketed in yellow.  
DYNLT, DYNLL and DYNLRB specify Tctex, LC8, and Roadblock light chain family binding regions, 
respectively.  DIM is the IC dimerization region.  Note that a concurrent study found the dimerization and 
Roadblock binding regions overlap (Hall et al., 2010).  Orange arrows indicate described phosphorylation sites 
(Vaughan et al., 2001; Whyte et al., 2008; Mitchell et al., 2012; Pullikuth et al., 2013) and black brackets delineate 
interaction regions with other proteins (Yadav et al., 2012; Caviston et al., 2007; Cai et al., 2010; Mckenney et al., 
2011).  The studies identifying snapin, huntingtin and golgin 160 interactions did not specify which IC isoforms 
were used, except that an IC1 interacted with snapin.  Direct Zw10 interaction is questionable since it has not been 
observed with native proteins.  (B) Magnification of IC regions involved in alternative splicing.  Yellow regions are 
removed in shortest splice forms.  The orange and black arrows indicate phosphorylation sites and alternative 
splicing sites, respectively. 
 
 It remains an open question if IC homologues or splice forms specify dynein interactions.  
The LCs are predicted to interact with both IC homologues and all splice forms and this has been 
verified with several IC isoforms for the Tctex and LC8 classes of LCs (Lo et al., 2007b).  All IC 








sites for other proteins have not been sufficiently defined to determine whether they have 
isoform-specific and/or mutually exclusive interactions.  Furthermore several of these proteins 
are especially important in neuronal dynein function where all IC isoforms are expressed.  A 
more detailed examination of isoform specific interactions may provide clues as to how dynein is 
adapted for specific functions. 
Light Chains 
 The three families of dynein light chains are LC8, Tctex, and Roadblock.  Dimers from 
each family have distinct binding locations in the N-terminal region of the IC (Fig. 1-1 A) 
(Nyarko and Barbar, 2010), allowing all three LC families to occupy the IC simultaneously (Fig. 
1-3).  The Tctex site is most N-terminal followed closely by the LC8 site, while the Roadblock 
site sits approximately 100 residues downstream and overlaps with the IC dimerization region 
(Hall et al., 2010).  The identification of many non-dynein LC binding partners as well as the 
combinatorial variability provided by two mammalian genes from each of the three LC families 
(Pfister et al., 2006) propagated the hypothesis that LCs are cargo adaptors.  However there are 
few examples where this has been demonstrated clearly.  LCs are highly conserved and members 
of each family are found in axonemal and cytoplasmic dynein from most organisms (Pfister et 
al., 2006).  LC8 and Roadblock family genes are essential and knockdown of many of the LC 
genes affect dynein activities (Varma et al., 2010; Raaijmakers et al., 2013; Palmer et al., 2009). 
The two LC8 genes, LC8 1 and LC8 2 (a.k.a. DYNLL1 and DYNLL2), differ by only six 
amino acids and appear not to have distinct functions (Pfister et al., 2006).  Most studies have 
focused on LC8 1 (henceforth referred to as LC8) so the following discussion will not include 
LC8 2.  LC8 binds over 60 different proteins that participate in disparate cellular functions 
(Rapali et al., 2011a) (Table. 1-1) and a large amount of the cellular LC8 population is not 
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associated with dynein (Lo et al., 2007b) (Fig. 2-4).  Sequence analysis of LC8 binding regions 
from over 40 proteins identified a loose consensus sequence (Rapali et al., 2011b) (Fig. 2-6 D), 
suggesting that interactions with different proteins occur through the same amino acids on LC8.  
This was confirmed by several NMR and crystal structures of LC8 bound to different proteins 
(Gallego et al., 2013; Fan et al., 2001; García-Mayoral et al., 2010; Lightcap et al., 2008), 
including dynein IC (Williams et al., 2007).  All structures show dimeric LC8 binds to 
unstructured regions in dimeric binding partners, which interact with interdimer grooves formed 
between LC8 monomers.  This tetrameric arrangement likely precludes the formation of ternary 
complexes between LC8 and two binding partners, implying LC8 does not link dynein to other 
proteins.  In theory each binding site on an LC8 dimer could interact with different proteins but 
there are few examples of complexes formed between dynein IC, LC8 and another protein (Lee 
et al., 2006; Fejtova et al., 2009; Navarro et al., 2004), and for most cases the protein involved 
also interacts with other dynein subunits or adaptor proteins (Wilson and Holzbaur, 2010; 
Mckenney et al., 2011; Splinter et al., 2012).  Much evidence suggests that LC8 functions instead 
to stabilize the dimeric state of its interacting partners!(Barbar, 2008; Rapali et al., 2011a), and it 
increases the order in the IC dimerization region upon binding (Nyarko et al., 2004; Nyarko and 
Barbar, 2010).  Furthermore, some LC8 binding partners have several tandem LC8 binding 
regions and interact with multiple LC8 dimers (Rapali et al., 2011a).  For example, the S. 
cerevisiae nuclear pore protein, Nup159 has six LC8 binding sites in a disordered region and 
LC8 is required for Nup159 self-association and nuclear export of mRNA (Stelter et al., 2007; 
Nyarko et al., 2013).  While LC8 inhibition has broad effects on dynein-mediated activities 
(Raaijmakers et al., 2013; Palmer et al., 2009; Varma et al., 2010), it is difficult to determine 
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how many of these are dynein specific, given LC8’s vast number of potentially dynein-
independent interactions. 
Table 1-1. LC8 Interacting Proteins (adapted from (Rapali et al., 2011a)).  Only 
LC8 binding proteins where the LC8-interacting sequence is known are depicted.  
Highlighted proteins have multiple, tandem LC8 binding regions.   Table 1. DYNLL ⁄ LC8 interaction partners with verified binding motifs.




residue Kd (lM) PDB Disorder CC ⁄ dimer Reference
Adenain (ADE41) Adenovirus P11826 DYNLL1 CITLVKSTQTV 104 – – [110]
AIBC1 (BCAS1) Human, rat O75363 ⁄Q3ZB98 DYNLL1 KRMLDAQVQTD 563 D, I C [31,111,112]
ATMINa Human O43313 DYNLL1 LESLDIETQTD 665 1.7 D, I – b
p54 (E183L) ASF virus Q4TWM2 DYNLL1 VTTQNTASQTM 139 D, I – [28,113]
Bassoon (Bsn) Rat O88778 DYNLL1 ⁄ 2 PTTANYGSQTE 1423 D, I C [70]
SPMVAQGTQTP 1527
RATAEFSTQTP 1499
BimEL (BCL2L11) Human O43521 DYNLL1 PMSCDKSTQTP 107 0.8 1F95 D, Ic – [13,31,58]
Bmf Human Q96LC9 DYNLL2 TSQEDKATQTL 63 0.7
0.004d
D, I – [12,36,114]
BS69 (ZMYND11) Human Q15326 DYNLL1 PRMLHRSTQTT 408 D, I C [31]




D, Ic Cc [14,29,51]
DIC1 (Dyncli1) Mouse O88485 DYNLL1 VVSYSKETQTP 146 D, I Cc [31,58]
DIC2 (Dyncli2) Rat Q62871 DYNLL1 IVTYTKETQTP 153 D, I C [99]
DNMT3A Human Q9Y6K1 DYNLL1 LVLKDLGIQVD 648 – – [12,62]
Egalitarian Fruit fly P92030 ddlc1 VKLVDAESQTL 947 D, I C [11]
EML3 Human Q32P44 DYNLL1 ⁄ 2 PSLVSRGTQTE 78 0.1
0.05d
2XQQ, 3P8M D, I C [26]
Gephyrin (Gphn) Rat Q03555 DYNLL1 ⁄ 2 KQTEDKGVQCE 216 D, I C [12,28,58,85,87]







Grinl1A (GCOM1) Human P0CAP1 DYNLL1 TEVETREIGVG 423 D, I C [28]
E4 Papilloma virus P06425 DYNLL1 DHHQDKQTQTP 18 D, I – [110]
Hsc73 (Hspa8) Rat P63018 DYNLL1 TTIPTKQTQTF 418 – C [62]
KID-1 (Znf354a) Rat Q02975 DYNLL1 SHRTTKSTQTQ 94 D, I – [12,62]
MAP4 Human P27816 DYNLL1 SRSGSKSTQTV 797 D, I – [12]
Mark3 Rat Q8VHF0 DYNLL1 VVAYPKRSQTS 429 D, I – [62]
METT-10 Caenorhabditis
elegans
Q09357 dlc-1 LNAWDNASQAY 416 D E [73]
Myosin Va (MYO5A) Human Q9Y4I1 DYNLL2 QPKDDKNTMTD 1281 8.8
0.04d
D, Ic Cc [32,33,36]
NEK9 Human Q8TD19 DYNLL1 VGMHSKGTQTA 940 D, I C [26,61,115]
nNOS (NOS1) Human P29475 DYNLL1 AEMKDTGIQVD 226 7 1F96, 1CMI D, Ic E [12,36,58,116]






































































































residue Kd (lM) PDB Disorder CC ⁄ dimer Reference
NUP159 Yeast P40477 DYN2 SASADFDVQTS 1102 D, I C [71]
DNYAESGIQTD 1115 D, I
VETCNFSVQTF 1164 D, I
IPVKHNSTQTV 1140 D, I
KEAVDNGLQTE 1152 D, I







PAK1 Human Q13153 DYNLL1 ⁄ 2 TPTRDVATSPI 212 42 3DVT D, Ic E [22,36,44]
P protein Rabies virus P15198 DYNLL1 RSSEDKSTQTT 142 D, I – [12,118,119]
P protein Mokola virus O56780 DYNLL1 KSTEDKSTQTP 139 D, I C [12,119]
RACK1 (GNB2L1) Human P63244 DYNLL1 LGVCKYTVQDE 135 – – [120]
RASGRP3 Human Q8IV61 DYNLL1 RATTSQATQTE 607 D, I – [121]




D, I C [110]
UL9 HHV-1 P10193 DYNLL1 GVQMAKSTQTF 744 D, I C [110]
Spice1 Mouse Q8K3I7 DYNLL1 QDVLRRTVQTR 555 D C [62]
Swallow Fruit fly P40688 ddlc1 SATSAKATQTD 286 1 3E2B D Cc [12,14,16,67,68]
Syntaphilin (Snph) Rat B5DF41 DYNLL1 SCMQERAIQTD 307 D Cc [49]
TRPS1 Human Q9UHF7 DYNLL1 TEKVDRSTQDE 1202 D E [61,92]
UNC-83 C. elegans Q23064 dlc-1 DSISDRHIQTM 643 D, I C [103]
VP35 Ebolavirus Q05127 DYNLL1 PKTRNSQTQTD 66 D, I C [122]
a ATMIN has at least five verified motifs. b Unpublished (P. Rapali, L. Nyitray and I. Rodriguez-Nacho). c Experimentally verified disordered or coiled-coil region. d Determined with a bivalent







































































































residue Kd (lM) PDB Disorder CC ⁄ dimer Reference
NUP159 Yeast P40477 DYN2 SASADFDVQTS 1102 D, I C [71]
DNYAESGIQTD 1115 D, I
VETCN SVQTF 1164 D, I
IPVKHNSTQTV 1140 D, I
KEAVDNGLQTE 1152 D, I







PAK1 Human Q13153 DYNLL1 ⁄ 2 TP RDVATSPI 212 42 3DVT D, Ic E [22,36,44]
P protein Rabies virus P15198 DYNLL1 R SEDKSTQTT 142 D, I – [12,118,119]
P protein Mokola virus O56780 DYNLL1 EDKSTQTP 139 D, I C [12,119]
RACK1 (GNB2L1) Human P63244 DYNLL1 LG CKYTVQDE 135 – – [120]
ASGRP3 Human Q8IV61 DYNLL1 R TSQATQTE 607 D, I – [121]




D, I C [110]
UL9 HHV-1 P10193 DYNLL1 GVQMAKSTQTF 744 D, I C [110]
Spice1 Mouse Q8K3I7 DYNLL1 QD LR TVQTR 555 D C [62]
Swallow Fruit fly P40688 ddlc1 S SAKATQTD 286 1 3E2B D Cc [ 2 14 16,67,68]
Syntaphilin (Snph) Rat B5DF41 DYNLL1 SCM ERAIQTD 307 D Cc [49]
TRPS1 Human Q9UHF7 DYNLL1 TEKV RSTQDE 1202 D E [61,92]
UNC-83 C. elegans Q23064 dlc-1 DS SDRHIQTM 643 D, I C [103]
VP35 Ebolavirus Q05127 DYNLL1 PK RNSQTQTD 66 D, I C [122]
a ATMIN has at least five verified motifs. b Unpublished (P. Rapali, L. Nyitray an I. Rodriguez-Nacho). c Experimentally ver fied disordered or ed-c il region. d Determined w th a bivalent







































































































residue Kd (lM) PDB Disorder C ⁄ dimer Ref r nce
NUP159 Yeast P40477 DYN2 SASADFDVQTS 1102 D, I C [71]
DNYAESGIQTD 1115 D, I
VETCNFSVQTF 1164 D, I
IPVKHNSTQTV 1140 D, I
KEAVDNGLQTE 1152 D, I







PAK1 Human Q13153 DYNLL1 ⁄ 2 TPTRDVATSPI 212 42 3DVT D, Ic E [22,36,44]
P protein Rabies virus P15198 DYNLL1 RSSEDKSTQTT 142 D, I – [ 2 8,119]
P protein Mokola virus O56780 DYNLL1 KSTEDKSTQTP 139 D, I C [ 2,119]
RACK1 (GNB2L1) Human P63244 DYNLL1 LGVCKYTVQDE 135 – – [120]
RASGRP3 Human Q8IV61 DYNLL1 RATTSQATQTE 607 D, I – [121]




D, I C [110]
UL9 H V-1 P10193 DYNLL1 GVQMAKSTQTF 744 D, I C [110]
Spice1 Mouse Q8K3I7 DYNLL1 QDVLRRTVQTR 555 D C [62]
Swallow Fruit fly P40688 ddlc1 SATSAKATQTD 286 1 3E2B D Cc [12,14,16, 7,68]
Syntaphilin (Snph) Rat B5DF41 DYNLL1 SCMQERAIQTD 307 D Cc [49]
TRPS1 Human Q9UHF7 DYNLL1 TEKVDRSTQDE 1202 D E [61,92]
UNC-83 C. el gans Q23064 dlc-1 DSISDRHIQTM 643 D, I C [103]
VP35 Ebolavirus Q05127 DYNLL1 PKTRNSQTQTD 66 D, I C [122]
a ATMIN has t least five verified motifs. b Unpublished (P. Rapali, L. N itray and I. Rodriguez-Nacho). c Exp rimentally verified isor er d or coiled-coil region. d Det rmined with bivalent


































































































Table 1. (Co ti ued).
Protein ame Organism Uniprot
Par log ⁄
orth l g Sequ nc
First
residue Kd (lM) PDB Disorder CC ⁄ dimer Ref r nc
NUP159 Yeast P 0 77 DYN2 SA FDVQTS 1102 D, I C [71]
DNYAESGIQTD 1 5 D, I
VETCNFSVQTF 1164 D, I
IPVKHNS QTV 1140 D, I
KEAVDNGLQTE 1152 D, I







PAK1 Human Q 3 5 DYNLL1 ⁄ 2 PTRDVATSPI 1 42 3DVT D, Ic E [22,36,44]
P protein Rabies virus P 5 98 DYNLL1 RSSEDKS QT 142 D, I – [12,118,119]
P protein M k la virus O56780 DYNLL1 KSTEDKS QTP 139 D, I C [12,119]
RACK1 (GNB2L1) Human P63244 DYNLL1 LGVCKYTVQDE 135 – – [120]
RASGRP3 Human Q8IV61 DYNLL1 RATTSQA TE 607 D, I – [ 2 ]




D, I C [110]
UL9 H V-1 P 0 93 DYNLL1 GVQMAKS QTF 744 D, I C [110]
Spice1 Mouse Q8K3I7 DYNLL1 QDVLRRTVQ R 5 D C [62]
Swallow Fruit fly P40688 ddlc1 SAT KA QTD 286 1 3E2B D Cc [12,14,16, 7,68]
Syntaphilin (S ph) Rat B5DF41 DYNLL1 SCMQERAIQTD 307 D Cc [49]
TRPS1 Human Q9UHF7 DYNLL1 TEKVDRSTQDE 1 0 D E [61,92]
UNC-83 C. el gans Q23064 dlc-1 D ISDRHIQTM 643 D, I C [103]
VP35 Ebolavirus Q05127 DYNLL1 PKTRNS QTD 66 D, I C [122]
a ATMIN has at least five verifi d motifs. b Unpublished (P. R p li, L. Nyitra and I. Rodriguez-Nacho). c Experimentally verifi d isorder d or c iled-coil region. d Det rmined with a bivalent








































































































The Tctex genes, Tctex1 and RP3 (a.k.a. DYNLT1 and DYNLT3), are closely related to 
each other and structurally homologous to LC8 (King et al., 1998; Williams, 2005).  Tctex1 and 
RP3 can heterodimerize but only homodimers interact with dynein IC (Lo et al., 2007b).  Their 
expression patterns are similar, though RP3 is expressed at higher levels in brain and liver tissue 
(King et al., 1998).  Tctex1 and RP3 are found predominately in the dynein complex (Lo et al., 
2007b) and their interaction with the IC is mutually exclusive (Tai et al., 2001) indicating they 
may adapt dynein for specific functions.  Accordingly, Tctex1 specifically recruits rhodopsin 
containing vesicles to dynein (Tai et al., 1999; 2001) and inhibits the RhoGEF, Lfc, in a dynein-
dependent manner (Meiri et al., 2012).  Other Tctex1 interacting proteins have been identified, 
but their association with the dynein complex has not been demonstrated (Bauch et al., 1998; 
Campbell et al., 1998; Nagano et al., 1998) and some studies have shown dynein independent 
functions for Tctex1 and RP3 (Sachdev et al., 2007; Chuang et al., 2005; Yeh et al., 2005; Li et 
al., 2011).  Tctex1 but not RP3 is needed for dynein kinetochore localization, ER to Golgi 
transport, and normal Golgi and recycling endosome distribution, though there is disagreement in 
the literature about the requirement of each protein for mitotic progression (Lo et al., 2007a; 
Raaijmakers et al., 2013; Palmer et al., 2009; Varma et al., 2010).  It is unclear what role Tctex1 
plays in these processes and why RP3 is not required.  Tctex1 may be structurally important as 
binding of either LC8 or Tctex1 to the IC enhances the interaction of the other LC (Hall et al., 
2009) and potentially contributes to stability of the IC dimer.  Several proteins have multiple 
adjacent LC8 binding regions (Table 1-1), including Pac11 (Stuchell-Brereton et al., 2011), the 
dynein IC homologue in S. cerevisiae, which contains two LC8 binding sites and lacks genes for 
the Tctex and Roadblock LCs.  Recently dynein purified from yeast with the LC8 gene deleted 
was shown to have reduced run lengths and decreased association between the ICs and HCs (Rao 
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et al., 2013).  Given the structural homology of the Tctex and LC8 families, it is tempting to 
speculate that Tctex1 might also stabilize the dimeric state of IC or other proteins, but again, it is 
not obvious why Tctex1 and RP3 would have different effects on IC structure.  To date, no 
structural studies have been performed with RP3 and though it competes with Tctex1 for binding 
to the IC, the homologues are only 53% identical and there may be important uncharacterized 
structural differences. 
 Of the LCs the Roadblock family, RB1 and RB2 (a.k.a. DYNLRB1/DYNLC2A/LC7/km-
23 and DYNLRB2/DYNLC2B) is the least studied, despite having the most aliases.  TGFβ and 
Rab6 interact with RB1, but is it unclear if they recruit the dynein complex (Wanschers et al., 
2008; Tang et al., 2002).  The only characterized Roadblock gene in lower eukaryotes is required 
for axonal transport of synaptic cargo and mitotic progression in D. melanogaster (Bowman et 
al., 1999) and for spindle orientation and organelle transport in C. elegans (Kimura and Kimura, 
2011; Couwenbergs et al., 2007).  In HeLa cells RB1 is necessary for almost all dynein functions 
(Raaijmakers et al., 2013; Palmer et al., 2009) whereas RB2 had no significant functions in one 
study (Raaijmakers et al., 2013) and was not detectable in another (Palmer et al., 2009).  For 
most of these processes it is unclear if RB1 is a recruitment factor or has a structural role, 
however Raaijmakers and coworkers show that RB1 knockdown prevents dynein mediated 
anchoring of the centrosome near the nucleus in prophase, despite proper dynein localization at 
the nuclear envelope.  Structural data suggest that LC8 and D. melanogaster Roadblock have 
opposing effects on the IC region between their binding sites (Nyarko and Barbar, 2010), and 
they may modulate IC dimer stability or accessibility of this region to binding partners (Fig. 1-3).  
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Figure 1-3: Model of Dynein Light Chain Interactions with Dynein IC (Adapted from (Barbar, 2012)).  IC N-
terminus dimerization is mediated by an alpha-helical region near the LC8 binding domain.  LC8 binding stabilizes 
the dimer and increases IC affinity for Tctex.  LC7/Roadblock binding site overlaps with the IC dimerization region. 
 
 Long heralded as dynein adaptors, there is surprisingly little evidence that light chains 
can commit dynein to specific functions.  Where there are apparent functional differences 
between light chain homologues, the structural basis of these differences is not clear.  Despite 
observations that phosphorylation can regulate LC8 and Tctex1 interactions with dynein (Song et 
al., 2007; Chuang et al., 2005), it is not known whether specific populations of dynein lack LCs 
and what physiological role LC-less dynein would play.  The structural data imply that LCs 
modulate IC dimerization and/or accessibility but further studies of the whole dynein complex 
with specific LC combinations are required to determine LC recruitment and structural functions.  
The research in Chapter 2 will address LC effects on dynein activities, possible mechanisms for 
these effects, and a dynein independent interaction between LC8 and the dynein co-factor NudE.   
It should also be noted that many viruses interact with LCs, particularly LC8, but almost 
none have been conclusively linked to dynein via the LCs (Dodding and Way, 2011; Merino-
Gracia et al., 2011).  Work from our lab has shown that LIC1 recruits Adenovirus to dynein 
during infection and finds no role for the LCs (Bremner et al., 2009).  If LCs do not recruit 
Intrinsically Disordered Proteins 1011
Figure 2 Step-wise assembly model of the N-IC with dimeric light chains
The N-IC (red chain) is shown as a disordered and primarily monomeric protein in equilibrium with a small percentage
of dimer. This equilibrium can easily be shifted towards dimer as the local protein concentration is increased, or in the
presence of self-association-promoting post-translational modifications. The minor population of dimer enhances the
binding affinity of LC8 (green) which in turn enhances the binding affinity of Tctex1 (yellow). Upon LC7 binding (blue),
the self-association domain of the IC that is populated in the presence of LC8 is shifted upstream and instead the helix–helix
self-association is replaced by helix–LC7 association. The disordered IC adopts β-strands upon LC8 and Tctex1 binding, and a
helix–turn–helix upon LC7 binding. The linkers connecting the bound dimeric light chains remain disordered.
sequences for p150, but only one for NudE. Secondly, these
regions are helical in nature; region 1 is likely to be coiled
coil in the p150–IC and NudE–IC complexes as inferred
from patterns of spectral exchange broadening and sequence-
based structure prediction of the apo protein, whereas region
2 becomes helical with p150Glued, but more disordered with
NudE. Thirdly, the intervening residues between IC regions
interacting with dynactin remain disordered in the complex.
Fourthly, the affinity of one protein to the IC is different
due to pre-binding of the other. Spectra of ICs when p150CC1
is titrated in a pre-formed nNudE–IC binary complex show
that p150 C1 can displace nNudE and result in even more
pronounced peak disappearance than with p150CC1 alone,
suggesting that the binding affinity to p150Glued increases
in the presence of NudE. In contrast, in the reciprocal
experiment, NudE in excess does not appear to compete
with p150CC1. The observation that the binding affinity to
p150 increases in the presence of NudE even though a stable
ternary complex is not formed is quite puzzling, and so is the
ability of p150Glued to out-compete NudE and not vice versa,
especially when both bind with similar affinity.
Structure of the assembled IC
Our model for the IC in its assembled state with p150Glued
or NudE and the light chains (Figure 3) is based on a
combination of structural data from X-ray crystallography
(structure of Tctex1 and LC8 bound to a short segment of
IC), dynamics and chemical shift mapping information from
NMR spectroscopy (sites where p150 and NudE bind and
retained disorder in the linkers) as well as sequence-based
prediction of structural propensity (coiled-coil structure of
the p150/NudE-binding region). Both helices of unbound
IC (Figure 3, top) are included in the multi-region binding
footprint of p150Glued, with the first comprising the entirety
of region 1. The proposed coiled-coil conformation for region
1 in the bound state derives from the complex exchange
processes and sequence-based prediction of a coiled coil
in both the IC and p150Glued, or NudE; the coiled-coil
assemblage depicted in the model could represent an IC–
IC coiled coil packed on p150Glued–p150Glued coiled coil or
NudE–NudE coiled coil. The second nascent helix in the
apo IC is contained within the p150Glued recognition motif in
region 2, and shows less a tenuation of peak intensity than
those of region 1, presumably due to less complex exchange-
broadening processes, likely chemical exchange between the
free and p150Glued-bound states of the IC, and structural
fluctuation between nascent and fully formed helix within the
IC. Thus the ascent helical structure depict d in the odel
for the apo IC is proposed to persist and perhaps stabilize in
the bound state, whereas residues ∼67–75 of region 2, which
show less attenuation of peak intensity, are suggested to retain
disorder in this part of region 2 in bound p150Glued–IC. With
NudE, there is no signific n hange in intensity in region




dynein to viral particles, it will be important and interesting to determine what advantage, if any, 
they gain through LC interactions. 
Light Intermediate Chains 
 In vertebrates there are two LIC genes encoding LIC1 and LIC2, which are 75% 
homologous yet they do not heterodimerize and cannot simultaneously interact with dyenin HCs 
(Tynan et al., 2000b) indicating there are distinct LIC1 and LIC2 containing dynein complexes.  
Pericentrin interacts only with LIC1 (Tynan et al., 2000b), while Par3 is LIC2 specific 
(Schmoranzer et al., 2009).  Thus LIC1-dynein may transport pericentrin to the centrosome 
(though this is also dynactin dependent) (Young et al., 2000), while LIC2-dynein is anchored at 
the plasma membrane by Par3 where it pulls on the MT array to move the centrosome in 
migrating fibroblasts  (Schmoranzer et al., 2009).  LICs have also been differentially implicated 
in membranous cargo transport, though results are not consistent among labs.  One study found 
that LIC1 RNAi disrupts ERGIC and Golgi distribution as well as ER to Golgi transport, while 
LIC2 RNAi specifically disrupts recycling endosomes (Palmer et al., 2009).  However, our lab 
showed that knockdown of LIC1 and 2 does not affect the Golgi or early endosomes, but both 
LICs were required for normal lysosome distribution and LIC1 can recruit dynein to lysosomes 
in a dynactin independent fashion (Tan et al., 2011).  Importantly in both studies LIC knockdown 
did not affect dynein sedimentation on a sucrose gradient suggesting the effects are not due to 
structural changes in the dynein complex, though LICs are necessary for the solubility of 
recombinant dynein complex (Trokter et al., 2012).  Other studies imply that the LICs are 
redundant since both interact with FIP3 to recruit dynein to recycling endosomes via Rab11 
(Horgan et al., 2010b; a).  Furthermore, in mitosis inhibition of spindle pole focusing, dynein 
kinetochore localization, chromosome alignment, and progression through mitosis were only 
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seen when both genes were silenced (Raaijmakers et al., 2013).  LIC redundancy may be a relic 
from earlier forms of dynein that contain only one LIC gene as observed in non-vertebrate 
organisms (Pfister et al., 2006).  C. elegans LIC recruits dynein to the nuclear envelope through 
its interaction with the KASH-domain containing ZYG-12 (Malone et al., 2003) (Fig. 1-5 A and 
Table 1-2), however LIC interacting proteins that may contribute to LIC-dependent mitotic 
functions have yet to be identified, leaving open the possibility that loss of LICs perturbs dynein 
function through an undetected structural or mechanochemical alteration.   
Dynein Recruitment and Regulation by Dynactin and NudE/L-Lis1 
The previous sections described how the ICs and LICs interact directly with various 
proteins that recruit dynein to specific locations or organelles.  However, the majority of dynein 
functions require the recruitment and regulatory complexes NudE/L-Lis1 and/or dynactin.  
Though recruitment is a form of regulation, here regulation will refer specifically to alterations in 
dynein’s mechanochemical output.  Importantly, NudE and the p150 subunit of dynactin 
compete for binding to dynein’s IC (Mckenney et al., 2011; Nyarko et al., 2012), suggesting that 
they may adapt dynein for specific functions. The following discussion will first describe 
dynactin’s structure and involvement in dynein activity, which is also the subject of research 
conducted in Chapter 3, followed by a brief overview of NudE-Lis1 roles in dynein functions. 
Dynactin Structure 
Like dynein, dynactin is a large 1.2 MDa complex comprising 11 different subunits 
visible in EM images as a 40 nm filament-like base with a 20 nm projecting arm (Fig. 1-4 A).  
The base contains an estimated seven actin related protein 1 (Arp1) subunits and one bona fide β 
actin subunit, capped by the conventional actin capping protein dimer CapZ αβ on one end, and 
by a heterotetrameric complex of actin related protein 11 (Arp 11), p62, and p25/p27 on the other 
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(Schroer, 2004).  Unlike Arp11 and p62, p25 and p27 are dispensable for dynactin complex 
stability (Yeh et al., 2012).  Dynactin’s projecting arm is formed by the N-terminal region of 
dimeric p150, which is a predicted 50nm long coiled-coil terminating in a region enriched in 
basic residues and a CAP-Gly (Cytoskeleton Associated Protein-Glycine rich) domain (Fig. 1-4 
B).  The C-terminal half of this coiled-coil region is highly conserved and interacts with the 
dynein IC (Gill et al., 1991; Mckenney et al., 2011) (Fig. 3-1 C).  A second predicted coiled-coil 
in the p150 C-terminal region is thought to mediate the interaction with the Arp1 filament 
(Waterman-Storer et al., 1995) and mutants lacking this region are not incorporated into the 
complex (McGrail et al., 1995).  The base of the projecting arm contains a tetramer of p50 and 
dimer of p24, which form a stable complex with p150.   Overexpression of p50 releases p150 
and p24 from the Arp1 complex, suggesting it mediates the interaction of the sidearm and the 
base (Echeverri, 1996).  The role of p24 is least well understood, but studies in S. cerevisiae and 
C. elegans, indicate that p24 mediates the interaction between p50 and p150 (Amaro et al., 2008; 
Terasawa et al., 2010), though its overexpression has no effect on dynactin complex stability 
(Quintyne et al., 1999).  
Though several dynactin subunits are alternatively spliced, p150 variants have received 
the most attention since they alter dynactin’s interaction with MTs (Hammesfahr and Kollmar, 
2012).  The most notable variant, p135, was initially noticed in SDS gels of dynactin 
preparations from brain and lacks the entire CAP-Gly region and half of the basic region.  It is 
neuron specific and does not heterodimerize with p150 (Tokito et al., 1996).  Splicing also 
occurs in the basic domain by altering inclusion of three exons.  Full-length p150 binds MTs in 
vitro (Dixit et al., 2008) and decorates MTs or MT plus ends upon overexpression in cells 
(Waterman-Storer et al., 1995; Dixit et al., 2008; Vaughan et al., 2002) while p150 lacking exons 
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in the basic domain has a decreased affinity for MTs and exclusively tracks MT plus ends in vivo 
(Dixit et al., 2008).  Though tyrosinated α-tubulin and the MT plus end proteins EB1 and CLIP-
170 contain the CAP-Gly binding EEY/F motif (Weisbrich et al., 2007), this finding suggests 
that the basic domain mediates the interaction with tubulin while the CAP-Gly domain is 
required for plus tip binding.  Furthermore C-terminally truncated p150 adsorbed non-
specifically to beads diffuses along MTs independently of the CAP-Gly domain (Culver-Hanlon 
et al., 2006).  The cell can also control p150’s association with MTs via phosphorylation at 
serine 19, N-terminal to the CAP-Gly domain. In vitro S19 can be phosphorylated by PKA and 
Aurora A, and in mammals the latter is required for removal of p150 from spindle poles during 
anaphase and for central spindle formation (Vaughan et al., 2002; Reboutier et al., 2013). The 
exact contribution of dynactin’s MT-interacting domains to dynein’s function is of considerable 
controversy and will be addressed in the following section and in Chapter 3.! 
Figure 1-4. Dynactin Structure and p150 Domain Map. (A) Model of the dynactin complex based on negative 
stain EM images (B)  (Adapted from (Schroer, 2004)).  (C) Dynactin p150 functional domains. The N-terminus 
contains MT-binding CAP-Gly and basic domains (+).  The first coiled-coil mediates dynein interaction and C-
terminal regions are involved in incorporation into the dynactin complex and binding to membranous cargo. 
A!
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Figure 2 Schematic illustrating the location and approximate structural features of
dynactin subunits. The overall structure of dynactin was inferred from EMs as seen
in Figure 1. Details regarding known structural features of individual subunits are
provided in the text.
minus ends of actin or Arp1 filaments but does not allow further subunit addition,
suggesting that Arp11 may serve to cap the Arp1 filament minus end.
Dynactin purified from vertebrate brain by standard biochemical methods con-
tains a single monomer of conventional β-actin that cannot be removed by addi-
tional purification steps (Schafer et al. 1994a, Bingham & Schroer 1999). Affinity-
purified dynactin is reported to lack detectable actin (Holleran et al. 1996). Arp1,
Arp11, and p62 all bind conventional actin in vitro, and both Arp1 and Arp11 are
able to co-cycle with actin filaments (Melki et al. 1993, Garces et al. 1999, Eckley
& Schroer 2003), so the presence of actin cannot be rigorously excluded. Nothing
further is known about the location or function of the actin monomer in dynactin.
The primary sequ nce of the dynactin subunit, p62, predicts a protein of 53 kDa
with a zinc-binding motif (RING or LIM domain) near the N terminus (Eckley
et al. 1999, Garc s et al. 1999, Karki et al. 2000). Such motifs commonly support
protein-protein interactions, so the N-terminal portion of p62 might participate
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to a multiprotein complex (Gill et al. 1991) that was initially referred to as the
dynactin complex. The combination of molecular cl ning, protei biochemistry,
and ultrastructural analysis has since provided a thorough understanding of dy-
nactin composition and subunit organization. Dynactin is firmly established as a
necessary adjunct to the cytoplasmic dynein motor thanks to genetic studies in
yeast, filamentous fungi, and Drosophila (reviewed in Schroer 1994). Few, if any,
processes that utilize dynein do not also require dynactin, so dynactin and dynein
can be considered intimate partners. Dynactin was also recently shown to con-
tribute to the activity of a second microtubule-based motor, kinesin II (Deacon
et al. 2003). Although its role in kinesin II–based movement has not yet been
fully established, dynactin will likely provide functions similar to those seen for
dynein.
Dynactin is required for mitosis in multicellular organisms and is thus essential
for viability. Certain mutations in dynactin subunits cause defects in axonal trans-
port (Puls et al. 2003), highlighting the co tributions of dynactin to specialized
forms of subcellular movement in postmitotic, terminally differentiated cells as
well. Dynactin’s largest subunit, p150Glued, plays a particularly important role, as
it participates in motor binding and enhancement of motor processivity (Karki
& Holzbaur 1995, Vaughan & Vallee 1995, King & Schroer 2000). However,
p150Glued must be associated with the other dynactin subunits to function properly
because mutations that prevent Glued from being incorporated into dynactin yield
nonfunctional protein (McGrail et al. 1995). Further evidence of the importance of
dynactin to normal cell function is that p150Glued and its binding partner on dynein
are early targets of apoptotic cleavage (Lane et al. 2001).
The dynactin molecule is asymmetric and exhibits two morphologically distinct
structural domains (Figure 1) (Schafer et al. 1994a). Most of dynactin’s mass is
contained within a∼10 × 40 nm rod that contains several different polypeptides.
Figure 1 Dynactin prepared by
quick-freeze, deep-etch, rotary shadow
electron microscopy (EM) is shown
here. The Arp1 rod domain is at the
bottom. The projecting arm with ter-







































































Dynactin Effects on Dynein Mechanochemistry 
Dynactin first emerged as a contaminant in dynein preparations from calf and chick 
brains (Paschal et al., 1993; Gill et al., 1991).  Initial studies showed it was necessary for dynein-
based vesicular movement in vitro, thus it was named dynactin (dynein activator ) (Gill et al., 
1991; Schroer and Sheetz, 1991).  Though these studies showed that dynactin was not required to 
recruit dynein to purified vesicles, dynactin does link dynein to many subcellular structures 
(discussed in detail below).  Additionally, there is extensive evidence that dynactin can modulate 
dynein’s activity in vitro and in vivo by increasing dynein run lengths (also termed processivity).  
The first studies to carefully examine dynactin effects on dynein’s single molecule activity found 
that dynactin could increase dynein’s processivity two-fold, an effect that was dependent 
specifically on the basic domain in the MT binding region of p150.  Dynactin did not alter 
dynein velocity, or curiously, its MT dependent ATPase activity (King and Schroer, 2000; 
Culver-Hanlon et al., 2006).  Subsequent studies, however, suggested that dynactin increases 
dynein processivity independently of the p150 MT interacting domain (Kardon et al., 2009; Kim 
et al., 2007).  It has also been observed that dynein-dynactin complexes can move processively 
towards plus and minus ends of microtubules (Ross et al., 2006) but that force production of the 
co-complex was similar to dynein alone (Schroeder et al., 2010).  The ambiguity of these data is 
the subject of the research described in Chapter 3. 
Cellular Functions of Dynactin 
In addition to altering dynein’s activity, dynactin recruits dynein to various subcellular 
locations, most prominently to membranous organelles (Fig. 1-5 A and B).  Overexpression of 
dynactin p50, which displaces p150 from the dynactin complex, causes massive disruption of the 
Golgi apparatus, early endosomes and lysosomes (Echeverri, 1996; Burkhardt et al., 1997).  
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Interactions between Golgi associated spectrin and Arp1 recruit dynactin and dynein to 
membranes (Muresan et al., 2001; Holleran et al., 2001; Holleran, 1996) so that p50 
overexpression separates the dynein binding region of dynactin from the cargo binding region.  
Dynein and dynactin are also recruited to the Golgi-associated small GTPase Rab6, which 
interacts directly with p150 and with BicD1 and BicD2, which is in turn thought to bind p50 as 
well as dynein (Short et al., 2002; Matanis et al., 2002; Hoogenraad et al., 2001; 2003; Splinter et 
al., 2012).  Interactions with ER to Golgi vesicular cargo occur via the p150 C-terminus binding 
to the COPII protein, Sec23 and ERGIC Transit Particle Protein (TRAPP) and overexpression of 
the p150 C-terminus sequesters cargo in the ER (Zong et al., 2012; Watson et al., 2004) (Fig. 1-4 
C and 1-5 A).   
The SNARE interacting NRZ complex (NAG/Rint1/Zw10) is also implicated in dynein-
based vesicle transit between the ER and Golgi (Civril et al., 2010; Hirose et al., 2004) (Fig. 1-5 
A).  Zw10 RNAi decreases dynein signal at the Golgi, disperses the Golgi, endosomes and 
lysosomes (Varma et al., 2006) and prevents exit of ER cargos (Hirose et al., 2004).  Since p50 
binds Zw10 (Starr et al., 1998), dynactin was originally thought to link membrane-associated 
Zw10 to dynein, however Rint1 and p50 compete for the same binding site on Zw10 (Inoue et 
al., 2008) suggesting that Zw10 may recruit dynein directly through dynein’s IC, as has been 
observed at kinetochores (Whyte et al., 2008) or possibly through NudE/L (Stehman et al., 
2007).  How Zw10 participates in lysosome or endosome transport has not been determined.   
On lysosomes the Rab7 Interacting Lysosomal Protein, RILP recruits dynactin and 
dynein and interacts directly with p150’s C-terminus (Johansson et al., 2007; Jordens et al., 
2001) (Fig. 1-4 C and 1-5 A).  However, dynein localization on RILP positive lysosomes is 
dependent on LIC1 (Tan et al., 2011), which also interacts directly with RILP (Julian Scherer, 
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unpublished data).  Another dynactin mediated link to vesicles of varying types may also occur 
through huntingtin (Htt), the mutated protein in Huntington’s Disease, which interacts directly 
with dynein IC and indirectly with p150 through HAP1 (Huntingtin Associated Protein 1) (Li et 
al., 1998; Caviston et al., 2007; Caviston and Holzbaur, 2009) (Fig. 1-4 C) and mediates 
transport of lysosomes, endosomes, and Golgi vesicles (Caviston et al., 2011; 2007) (Fig. 1-5 A).   
Dynactin also interacts with other membranes for dynein localization to mitochondria, the 
nuclear envelope (NE), and plasma membrane (Fig. 1-5 A-C).  Mitochondrial associated TRAK 
proteins bind p150 and recruit dynein in neurons (van Spronsen et al., 2013). Various 
developmental processes that involve nuclear movement have led to the discovery of several 
pathways for dynein NE recruitment that involve dynactin.  In C. elegans embryonic 
development the nesprin Unc83 may recruit dynein-dynactin through BicD1 (Fridolfsson et al., 
2010), which is implicated in dynein-dynactin recruitment in Golgi-ER transport (Matanis et al., 
2002).  Nesprin-2 immunoprecipitates dynein and dynactin and is required for nuclear migration 
in the developing mouse retina (Yu et al., 2011) while Par6 and Par3 localize dynein and 
dynactin to the NE of migrating nuclei in myoblasts (Cadot et al., 2012), though the later may be 
mediated by LIC2 (Schmoranzer et al., 2009).  In G2 and early prophase, dynein is employed at 
the NE for nuclear envelope breakdown (Salina et al., 2002).  The nuclear pore complex protein 
RanBP2, which binds BicD2 in the same region as Rab6 localizes BicD2 and dynein-dynactin to 
the NE in G2 (Splinter et al., 2010).   
During mitosis, dynein localization at the plasma membrane is essential for correct 
mitotic spindle orientation, and dynactin has been implicated in dynein recruitment to the cortex 
through the NuMA-LGN complex (Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012).  
Interestingly huntingtin localizes to spindle poles and its depletion reduces the dynein and 
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dynactin signal at poles, causes misoriented spindles and alters cell fate in the developing mouse 
brain (Godin et al., 2010).  How huntingtin’s interaction with dynein and dynactin contributes to 
spindle orientation is not completely understood.  Huntingtin may function similarly to NuMA, 
which orients the spindle through actions at the cortex but also localizes to spindle poles and 
focuses MT minus ends.  Depletion of NuMA, or disruption of the dynein-dynactin interaction 
causes unfocused spindle poles (Merdes et al., 1996; 2000; Gaglio et al., 1997).  Furthermore, 
overexpressed Arp1 causes multiple spindle poles to form.  NuMA, p150, p50, and dynein IC 
associate with overexpressed Arp1 and presumably contribute to ectopic focusing and pole 
formation (Clark and Meyer, 1999).   The N-terminal MT binding region of p150 is also required 
to focus spindle poles as rescue of p150 knockdown with endogenous levels of ΔN-p150 
(lacking the MT binding region) causes multipolar spindles (Kim et al., 2007). 
Maintenance of centrosomal MTs arrays is also dynactin-dependent.  p50 overexpression 
disrupts the MT array and displaces Arp1, and the centriolar proteins pericentrin, centrin and 
ninein from the centrosome.  Unfocused MT arrays are correlated with multiple γ-tubulin foci 
and seem to result from a failure to maintain clustered pericentriolar proteins, which are likely 
transported to the centrosome by dynein (Dammermann, 2002; Burkhardt et al., 1997; Quintyne 
et al., 1999; Young et al., 2000).  GSK-3β can phosphorylate BicD1 promoting its interaction 
with dynein and knockdown of GSK-3β prevents ninein localization at centrosomes and results 
in unfocused MT arrays (Fumoto et al., 2006) suggesting a role for GSK-3β in dynein-dynactin 
mediated centrosome maintenance.  While dynactin localizes to the centrosome continuously, 
centrosomal dynein occurs only in S phase, G2 and mitosis, suggesting dynactin might have a 
dynein independent function at centrosomes (Quintyne and Schroer, 2002).  
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Different roles have been proposed for dynactin at the kinetochore, where it localizes 
with dynein in prometaphase (Echeverri, 1996; Steuer et al., 1990).  Overexpression of p50 and 
knockdown of several dynactin subunits decreased dynein signal at the kinetochore (Echeverri, 
1996; Raaijmakers et al., 2013).  However other studies show that Spindly and Zw10 can recruit 
dynein independently from dynactin (Whyte et al., 2008; Griffis et al., 2007).  Whyte et al. 
propose that phosphorylated dynein IC interacts with Zw10 at the kinetochore and upon proper 
chromosome alignment it is dephosphorylated allowing recruitment of dynactin, thereby 
activating poleward transport of checkpoint proteins. 
Finally, dynactin likely plays a role in dynein recruitment to the plus ends of MTs, 
through CAP-Gly interactions with EB1 and CLIP-170 (Vaughan et al., 1999), though the extent 
to which this is required for many dynein activities is unknown.  Plus tip binding activity is not 
required for membranous cargo trafficking in general (Watson and Stephens, 2006; Moughamian 
and Holzbaur, 2012), but has a role in initiating transport at axon tips and in normal spindle 
positioning and formation (Moore et al., 2008; Moughamian and Holzbaur, 2012; Kim et al., 
2007). 
Determining dynactin’s role in dynein activities is complicated by multiple recruitment 
pathways and difficulty differentiating between dynactin mediated activation versus localization.  
Though dynactin is implicated in all dynein functions studied to date, there are dynactin 
independent pathways for dynein recruitment and regulation involving dynactin subunits 




Figure 1-5. Proteins Involved in Dynein Cellular Functions. (A) Proteins required for dynein association with 
membranous organelles or the plasma membrane and (B) mitochondria.  (C) Factors involved in dynein localization 
during mitosis. Proteins either interact directly with dynein (ZYG-12, Snapin, Golgin 160, Huntingtin, FIP3, RILP, 
Par3), with dynactin (BicD1/2, Spectrin IIIβ, TRAK1/2, Sec23, TRAPP, Rab6), or NudE/L (CENP-F). Details of 
NuMA, Spindly and Nesprin2 interactions with dynein and dynactin are unknown. Zw10 has been reported to 
interact directly with dynein, dynactin, and NudE (See text for references, Images adapted from Molecular Biology 
of the Cell, 4th ed). 
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The Elusive Dynein-Dynactin Complex: An Emerging Role for Scaffolding Proteins 
 As discussed, dynactin is involved in nearly all dynein activities and p150 and dynein IC 
interact strongly in biochemical assays.  Despite this, purified dynein and dynactin do not form a 
stable complex.  Recently, the first-ever purified co-complex was formed but it required a third 
protein, namely the N-terminal region of BicD2.  Curiously, BicD2 did not interact with either 
dynein or dynactin alone.  Additionally, their recruitment to membranes via BicD2 is 
interdependent such that knockdown of HC prevents localization of p150 and vice versa 
(Splinter et al., 2012).  While BicD2 is the only protein conclusively shown to link the two 
complexes, several other proteins might serve as dynein-dynactin scaffolds (Fig. 1-6).  For 
example, NuMA very cleanly co-precipitates both complexes and the NuMA-dynein-dynactin 
complex can focus spindle poles in vitro (Merdes et al., 1996).  RILP also interacts directly with 
dynein and dynactin subunits (Johansson et al., 2007)(and Julian Scherer, unpublished data) as 
do the huntingtin-HAP1 (Li et al., 1998; Caviston et al., 2007) complex and possibly Zw10 
(Starr et al., 1998; Whyte et al., 2008).   
Perhaps the large size of both dynein and dynactin complexes precludes their stable 
interaction, and it is tempting to speculate that scaffolding proteins may facilitate their 
interaction and specify their location or function.  At this point however, whether proteins other 
than BicD2 can function as scaffolds remains an open and interesting question. 
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Figure 1-6. Network of Dynein Interactions with Regulatory Complexes and Potential Scaffolding Proteins 
(adapted from (Mckenney et al., 2011)).  The purified dynein-dynactin co-complex is stabilized by the BicD2 N-
terminus (Splinter et al., 2012).  Huntingtin (Htt) and huntingtin associated protein 1 (HAP1) interact with dynein 
and dynactin, respectively (Caviston et al., 2007; Li et al., 1998), as do RILP(Johansson et al., 2007)(and 
unpublished data, Julian Scherer) and NuMA (Merdes et al., 1996).  NudE and dynactin compete for the same site 
on dynein IC (Mckenney et al., 2011), but Lis1 may have NudE/L independent funtions in dynein-dynactin 
recruitment (Raaijmakers et al., 2013).  Zw10 can interact with dynein, dynactin and NudE/L (Whyte et al., 2008; 
Starr et al., 1998; Stehman et al., 2007), but whether all three complexes are ever associated is unclear. 
 
NudE/L-Lis1 Structure and Effects on Dynein Mechanochemistry 
 Other than dynactin, NudE (and its homologue NudEL) in conjunction with Lis1, is the 
only dynein interacting complex studied to date that affects dynein’s mechanochemical 
properties.  Lis1 and NudE/L both have N-terminal coiled-coil domains that mediate 
dimerization.  Lis1 C-terminal WD domains mediate interactions with the NudE/L coiled coil 
and dynein HC (Vallee et al., 2012) (Fig. 1-6 and 2-8 A).   Lis1 interacts with AAA3 and 4 of the 
dynein motor domain but efficient recruitment requires NudE, which binds dynein IC, forming a 
triple complex (Mckenney et al., 2010; Huang et al., 2012).   In vitro NudE alone inhibits 
dynein’s interaction with MTs, however when bound to NudE-Lis, dynein can maintain its 
maximal force producing state for long periods of time and displays slightly longer run lengths 
nein and dynactin-dynein coexist on common cellular cargoes,
adapting transport to distinct subcellular environments (Fig. 5).
Indeed, recent evidence suggests that teams ofmultiple dyneins
move membranous cargoes in vivo (62–64). Finally, it is also
possible that the balance of a dynein regulatory factors may be
subject to regulation in vivo, an issue of considerable further
interest. Indeed, phosphorylation of the dynein IC has been
reported to affect the affinity of this subunit for dynactin (65),
andmight conceivably contribute to switching between dynein
regulatory factors. Further experiments are needed to test this
hypothesis.
Such a shift between regulatorymodesmay require new tools
to assay properly. Dynactin and NudE/NudEL-LIS1 each con-
trol aspects of dynein recruitment to subcellular cargo, as well
as dyneinmechanochemical activity. This dual role will make it
necessary to quantify relative effects on the number of dynein
molecules associated with cargo versus the nature of dynein
regulation. Changes in the affinity of dynein for dynactin rela-
tive to NudE and NudEL could alter the number of cargo-asso-
ciated dyneins or shuttle dyneins between high-force and long
travel distance regulators, or both.
Surprisingly, the addition of LIS1 caused dynein to be
released from NudE more easily in the presence of FLAG-CC1
(Fig. 4, C and D). This result is unexpected given NudE estab-
lished role in recruiting LIS1 to dynein (1, 15, 45, 46). These are
the first results suggesting that LIS1 may affect the NudE-dy-
nein interaction and suggest further complexity in the interac-
tion between dynein and its regulators. Additional information
on the structural nature of the various dynein complexes will be
needed to clarify this issue.
Our study also reveals broader effects for commonly used
dynein inhibitory probes than has been assumed. The dynactin
CC1 fragment, as well as the 74.1 and 70.1monoclonal antibod-
ies, have been favored reagents for cytoplasmic dynein inhibi-
tion in vivo. Our data indicate that the first two of these should
interfere with both dynactin and NudE-LIS1 binding, while the
third interferes preferentially withNudE.However, some of the
more readily assayed dynein functions require both types of
regulatory factor. For this reason, physiological assays for the
specificity of the dynein and dynactin inhibitory agents may
require more quantitative in vivo assays for dynein behavior
than are currently available (39). Although the effects of each
reagent provide insight into dynein function, their implications
for understanding dynein regulation now appear less clear. Fur-
ther development of probes specific for cytoplasmic dynein and
for its individual regulatory factors will be needed to address
these issues.
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under no load compared to dynein alone.  Lis1 decreases the single molecule velocity of purified 
S. cerevisiae dynein and interacts specifically with mammalian motor domain locked in the pre-
power stroke ADP-Pi state (mimicked by adding ATP + vanadate (Burgess et al., 2003)) (Fig. 1-
1 C).  The current model is Lis1 stabilizes dynein’s interaction with MTs during a point in the 
power stroke when it is normally weakly attached to MTs, enabling dynein to withstand high 
force for extended periods of time (Mckenney et al., 2010; Huang et al., 2012). 
Table 1-2. Dynein, Dynactin, and NudE/L-Lis1 Binding Proteins.  Proteins that have demonstrated biochemical 
interactions with dynein or dynein regulators are listed below.  A direct interaction has been shown for BicD2 C-
terminus and p50 (Hoogenraad et al., 2001) but BicD2 N-terminus is sufficient to recruit dynein and dynactin 
(Hoogenraad et al., 2003), so the significance of the p50 interaction is unknown.  NuMA coprecipitates dynein and 
dynactin (Merdes et al., 1996) but specific interactions with subunits are unidentified.  Interactions between dynein, 
dynactin, and NudE/Lis-1 are not included.  See text for references. 
 
Cellular Functions of NudE/L-Lis1 
 The in vitro properties NudE-Lis1 confers on dynein fit well with their role in brain 
development.  Knockdown of Lis1 inhibits interkinetic nuclear migration of neuronal precursors 




BicD2/1 BicD2/1   
NuMA NuMA   
IC LIC1 LIC2 p150 p50 Arp1 NudE Lis1 
Huntingtin ZYG-12 Rab6 BicD2? Spectrin IIIβ CenpF CLIP 170 
Zw10 FIP3 FIP3 Sec23 Zw10  Zw10  
Snapin Pericentrin Par3 TRAPP     
Golgin160 RILP  HAP1     
   RILP     
   EB1     
   CLIP 170     
   α-tubulin     
   TRAK1/2     
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depend on dynein to move one of its largest cargos, the nucleus, through a crowded environment.  
In cultured neurons, NudE/L or Lis1 inhibition more severely affects the retrograde transport of 
large lysosomes compared to small ones (Yi et al., 2011), consistent with a role in high load 
transport.  However, like dynactin, NudE/L and Lis1 participate in almost all dynein functions, 
including those that are not overtly high load.  Perhaps this indicates that regulation by NudE/L-
Lis1 is controlled on a small spatial and temporal scale.   The situation is further complicated by 
the roles of NudE/L and Lis1 in recruitment, and reported NudE/L-independent Lis1 functions. 
 NudE/L and Lis1 have mitotic roles in both dynein recruitment and regulation.  NudE 
and NudEL are recruited to the kinetochore by CENP-F, and NudE is required to recruit dynein 
while NudEL is needed for proper chromosome alignment (Vergnolle and Taylor, 2007; 
Stehman et al., 2007).  Dynein-mediated spindle pole focusing requires NudE/L and Lis1 
(Raaijmakers et al., 2013; Wang and Zheng, 2011; Zylkiewicz et al., 2011). NudEL also 
localizes to interphase centrosomes where it can recruit dynactin, Lis1, and the centriolar 
proteins pericentrin and PCM-1 and knockdown of NudEL prevents both nucleation and 
anchoring of MTs at the centrosome (Guo et al., 2006). 
 Other interphase roles of NudE/L and Lis1 include the transport of membranous cargo in 
non-neuronal cells.  Knockdown of Lis1 or NudEL, or overexpression of Lis1 or dynein binding 
deficient NudEL, disrupts Golgi, lysosome and endosome distribution (Lam et al., 2010; Liang et 
al., 2004).  NudE/L double knockdown, and to a lesser extent, Lis1 knockdown decreased dynein 
association with membranes in vitro implicating NudE/L-Lis1 in dynein recruitment (Lam et al., 
2010).  It is not clear how NudE/L or Lis1 might be associated with vesicular membranes but 
their reported interactions with Zw10 (Stehman et al., 2007) and p50 (Tai et al., 2002), 
respectively, may play a role (Fig. 1-6).   
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NudE/L-Lis1 are also active at the nuclear envelope (NE).  NudE/L is recruited there in 
G2 through CENP-F, which binds the nuclear pore protein Nup133 (Bolhy et al., 2011).  
Inhibition of Lis1, NudE/L together, CENP-F, or Nup133 prevent dynein mediated tethering of 
the centrosome near the nucleus (Bolhy et al., 2011; Raaijmakers et al., 2013).  Interestingly, one 
study showed that Lis1 but not NudE/L, is necessary for dynein and dynactin localization at the 
NE (Raaijmakers et al., 2013), while another showed that NudE/L was required for dynactin 
recruitment to the NE (dynein was not examined) (Bolhy et al., 2011).  Furthermore Lis1 is 
necessary for BicD2 mediated dynein and dynactin recruitment to Golgi and nuclear membranes 
(Splinter et al., 2012).  These data likely reflect multiple dynein and dynactin recruitment 
pathways acting at the NE (Fig. 1-5 A) and a potentially NudE/L-independent role for Lis1.  
Though NudE and dynactin p150 interact with dynein in a mutually exclusive manner, the three 
complexes could be linked via Zw10 or p50 (Fig. 1-6).  Finally, Lis1 can directly bind CLIP-170 
(Coquelle et al., 2002; Tai et al., 2002), possibly linking it to growing MT tips and/or dynein and 
dynactin in the absence of NudE/L. Plus tip binding of Lis1 is consistent with its function in A. 
nidulans, where it initiates retrograde movement of membranous organelles but seems not to be 
necessary for sustained motion (Egan et al., 2012).  
Similar to dynactin, NudE/L and Lis1 are involved most dynein processes and have both 
recruitment and regulatory roles.  Additionally it is not clear if they always function together, as 
some NudE/L independent roles have been observed for Lis1.  Interestingly some of these roles 
may involve dynactin and suggest that the model of a binary dynein regulation system comprised 




Dynein Associated Diseases 
 Dynein and its associated proteins are involved in several brain development disorders 
and neurodegenerative diseases, underscoring the physiological importance of this motor 
complex.  One of the most well studied dynein-related disorders is Type I Lissencephaly, 
meaning ‘smooth brain’, which is characterized by cortical lamination defects and lack of 
cortical convolutions, and results in severe cognitive deficiencies at a young age.  Mutations in 
Lis1 or NudE/L cause Lissencephaly in humans (Walsh, 1999; Alkuraya et al., 2011).  Work 
from our lab shows that developmental defects likely arise from disruption of interkinetic nuclear 
migration required for division of neuronal precursors and failed neuronal migration, activities 
that require the sustained force of the dynein-NudE/L-Lis1 complex (Tsai et al., 2007; Mckenney 
et al., 2010).   
 Several human mutations in the dynein HC dimerization region have been identified in 
patients with spinal muscular atrophy (SMA), a degenerative motor neuron disease (Tsurusaki et 
al., 2012; Harms et al., 2012).  Mice with mutations in the same region have motor neuron 
degeneration and loss of lower limb strength.  The brains of these mice show cortical lamination 
and neuronal migration defects, cultured neurons show defective axonal transport and axonal 
elongation, and dynein purified from these animals is less stable leading to a loss of processivity 
(Ori-McKenney et al., 2010; Ori-McKenney and Vallee, 2011).  Recently several mutations in 
BicD2 were identified in SMA patients and shown to affect BicD2’s association with dynein and 
cellular localization as well as Golgi structure (Peeters et al., 2013; Oates et al., 2013). 
 Mutations in the p150 subunit of dynactin are associated with the degenerative diseases 
amyotrophic lateral sclerosis (ALS), distal hereditary motor neuropathy 7B (HMN7B), and Perry 
Syndrome.  The ALS mutations occur in the C-terminal region of p150 and so far have not 
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yielded cellular phenotypes (Dixit et al., 2008).  The HMN7B mutation and Perry syndrome 
mutations are in the CAP-Gly domain and have pronounced effects on dynein cellular functions.  
The former reduces p150 association with MTs, induces protein aggregation, and prevents timely 
recovery of Golgi structure following nocodazole washout.  Additionally this mutation prevented 
retrograde and anterograde motion of lysosomes in neurons (Levy et al., 2006; Moughamian and 
Holzbaur, 2012).  The Perry Syndrome mutations, on the other hand don’t disrupt axonal 
transport but prevent initiation of transport at the axon tip (Moughamian and Holzbaur, 2012).  
The authors speculate that the different effects on transport may explain the different neuronal 
populations affected in each disease. 
 Finally, dynein and dynactin association with huntingtin and huntingin associated protein 
1, respectively, and the role of all of these proteins in membranous cargo transport suggest their 
involvement in the pathology of Huntington’s Disease (HD).  Indeed, the disease causing poly-
glutamine expansion in huntingtin results in decreased retrograde trafficking of TrkB signaling 
endosomes (Liot et al., 2013).   
 Interestingly, all dynein associated diseases result from defects in brain or neuronal 
tissue, perhaps highlighting the importance of dynein based transport in elongated neuronal 
processes.  The observation that dynein IC isoform diversity is greatest in embryonic and 
nervous tissues suggests significant regulatory versatility in these tissues and it will be important 
to continue to study dynein’s regulation with this in mind. 
Conclusions 
 From both a structural and functional point of view, dynein is an impressive motor 
complex.  With each step the energy from ATP hydrolysis is translated into conformational 
changes that are propagated over tens of nanometers.  While the field has made great progress in 
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understanding the structure and mechanochemistry of dynein’s motor domain, there is no high-
resolution structural information for dynein’s base and to a large extent, the significance of 
isoform diversity is not understood.  Though dynactin and NudE/L-Lis1 have emerged as 
mutually exclusive regulatory and recruitment systems, they are involved in many of the same 
dynein functions suggesting that alternation between the two systems may occur on small 
temporal and spatial scales.  Still we have much to learn about the interplay of these systems 
with each other and with other recruitment mechanisms. 
 The studies presented here focus on two aspects of dynein regulation, both mediated 
through the base of the dynein complex.  In Chapter 2 we ask if the LCs affect dynein function 
and address the questions of how they may alter dynein function either directly or, in the case of 
LC8, indirectly through interactions with NudE/L.  In Chapter 3 we carefully analyze dynein’s 
interaction with dynactin and identify a new regulatory mechanism through dynactin’s 
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 The dynein light chains were introduced in Chapter 1 as the smallest dynein subunits 
comprising three families with two homologues each (Fig. 1-1 A and Fig. 1-3).  Though they are 
ubiquitously associated with dynein and highly conserved, we know little about how they 
participate in dynein’s many functions.  Furthermore, studies have been complicated by non-
dynein interactions of LC8, and possibly Tctex/RP3.  These interactions initially lead 
investigators to conclude that LCs could recruit dynein to specific cargo and in some cases this 
seems to be the case (Tai et al., 1999; Lee et al., 2006; Meiri et al., 2012), though generally 
evidence for this is lacking. 
 The studies described here address the following questions regarding LC functions: (1) 
whether the LCs contribute to dynein-driven transport of membranous cargo, (2) how LCs might 
affect dynein function and (3) the nature of the interaction between LC8 and the dynein regulator 
NudE/L.  We found that indeed LC8 and Tctex LC families affect dynein mediated movement of 
membranous cargo and validated a novel tool to acutely sequester LCs from dynein or other 
binding partners.  Preliminary data suggest that LC8 or Tctex/RP3 may influence the interaction 
of dynein with two mutually exclusive regulatory systems, NudeE/L-Lis1 and dynactin.  Finally, 
we define the LC8 binding region on NudE, and show that this interaction is independent from 
the NudeE-dynein interaction.  Note that the Roadblock family of LCs was not included in these 
studies due to the lack of structural information and antibodies at that time.  Additionally given 
the high degree of similarity between LC8 1 and LC8 2 and the focus on LC8 1 in the literature, 





Acute Inhibition of LC8 and Tctex Families of Light Chains 
 In order to understand LC contributions to dynein function, our collaborator John 
Williams (now at City of Hope in Duarte, CA) developed inducible, transfectable light chain 
traps, which acutely sequester the LC8 and Tctex LC families.  Trap design is based on the 
crystal structure of dynein IC in complex with LC8 and Tctex (Williams et al., 2007), and a 
dimerization system developed by Ariad™, in which dimerization of modified FKBP is induced 
upon addition of a cell-permeable, biologically inert rapamycin analogue (AP20187) (Fig. 2-1).  
Williams and colleagues demonstrated that in vitro the LC8 or Tctex binding region of IC fused 
to FKBP binds LC only when the AP20187 ligand is added and that the IC regions are specific 
for each LC (Varma et al., 2010).   
Figure 2-1. Light Chain Trap Design.  (A) Crystal structure of LC8 and Tctex in complex with IC  (adapted from 
(Williams et al., 2007)).  The unstructured IC binds grooves on the two LCs, which are structurally homologous.  
(B) Model of the LC8 trap. FKBP linked to IC forms a dimer capable of binding LC8 upon addition of AP20187.  




Figure 2-2. Acute Inhibition of LCs Disrupts Membranous Organelles.  (A) Time course of dispersal of 
lysosomes (red), endosomes (green), and Golgi vesicles (blue) in cells expressing LC8 (circles) or Tctex (triangles) 
traps after treatment with AP20187 (Varma et al., 2010) These data were collected by Dileep Varma.  (B) Live 
imaging of lysosome dispersal after co-transfection with LC8 and Tctex traps.  Controls are treated with ethanol, 
which is the solvent for AP20187.  (C) Quantification of the proportion of cells showing dispersed lysosomes for 
individual and co-expression of traps.  Error bars are S.D. for three independent experiments. 
 
Our lab used transfectable LC8 and Tctex traps to assess the effect of acute LC inhibition 
on lysosomes, endosomes and the Golgi.  All organelles we examined were re-distributed by 
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the expression level of the dynein intermediate chain remained
unaffected by the RNAi treatment (Fig. S6). These observed
levels of Golgi dispersion are in agreement with recently repor-
ted levels of organelle dispersion using RNAi for both light
chains (22).
As a test for effects on cytoplasmic dynein functions that are
distinct from vesicular transport, we monitored mitotic behavior in
cells expressing either the LC8 or TcTex1 traps. We observed little
effect either on mitotic index or on the frac ion of mitotic cells at
discrete mitotic stages with either trap (Fig. 5). We did note a small
increase in defectivemitotic spindlemorphology in cells transfected
with the LC8 trap, and cells transfected with RNAi targeting LC8
recapitulated this result, suggesting this aspect of mitotic behavior
was partially under LC8 control (Fig. 5). In addition, we analyzed
the time fromnuclear envelop breakdown to anaphaseonset in cells
expressing the TcTex1 trap as one of the best current quantitative
measure of mitotic dynein function. Specifically, the average times
from nuclear envelope breakdown to anaphase onset for untrans-
fected cells with or without AP20187 are 26.4 ± 4.9 min and 29.7 ±
5.8 min, respectively. The average times for cells transfected with
the TcTex1 trap with or without AP20187 are 26.4 ± 6.2 min and
33.4±7.1min, respectively.Aone-wayANOVAtestwasperformed
to confirm that there is no statistically significantdifference between
these averages (P= 0.0085; Fig. S7).
Finally, knownmethods of inhibiting cytoplasmic dynein, such as
expression of dynactin polypeptides or RNAi against the dynein
regulatory factors NudEL and ZW10, cause disorganization of the
radial microtubule network found in cultured mammalian cells (6,
23, 24). This network did not appear disorganized in cells subjected
to light-chain trapping (Fig. S8). Taken together, these findings
suggest that the observed phenotypic changes in organelle dis-
tribution were a direct consequence of altered cytoplasmic dynein-
mediated transport.
Discussion
We have shown that the chemically induced dimerization of low-
affinity peptide ligands leads to high-affinity, bivalent traps specific
for twodistinct dimericLCs.Using these reagents,we found that the
LCs play a role in some, but not all, dynein-mediated processes.
Because the LCs also have dynein-independent functions, we can-
not rule out that defects in other pathways contribute to the phe-
notypes we observed. In other words, sequestering the LCs will also
result in sequestering the LC from additional LC-binding proteins
present in vivo. However, the binding sites for LC8 and TcTex1 on
the dynein IC are adjacent, and we propose that sequestering one
would affect the other and should equally affect the dynein complex
(7). In addition, LC8 and TcTex1 bind to different peptide
sequences and are not interchangeable, as evidenced by our bio-
chemical data. Each trap independently produced a similar time
course for the dispersion of lysosomes, endosomes, and Golgi
complex, and neither showed a significant perturbation of mitotic
processes. Thus, our findings support a common role for the LCs on
dynein functi n.
The LC8 and TcTex1 traps offer a means for fine temporal
control of cytoplasmic dynein in large cell populations without
ecourse to microinjection and i contrast to methods such as
RNAi or overexpression of dominant negative polypeptides. This
temporal control allowed us to observe the dramatic difference in
the time course of perturbation of lysosome and endosome
Fig. 4. Time course of vesicle dispersion by LC sequestration. The number of
cells with dispersed lysosomes (red symbols/dotted lines), endosomes (green
symbols/dashed lines), or Golgi (blue symbols/dash-dot-dot lines) induced by
dimerization of the LC8 trap (○) or TcTex1 trap (△) is plotted as a function of
time after the induction of dimerization of AP20187. Shown as a control is the
dispersion of Golgi bodies by GFP-FKBP. Each data point represents three
independentmeasurementsof 100 transfected cells for each trapor the control.
Fig. 5. LCs andmitotic function of cytoplasmic dynein. HeLa cells were treated
with LC8 or control siRNA for 3 days or transfected with the LC8, TcTex1, or
control FKBP trap for 24 h and treated with AP20187 (100 nM for LC8 trap and
1μMforTcTex1trap)orcontrol solutionfor8h.Mitotic indices forall transfected
cells (A), the percentageof cells in variousmitotic stages (B), and the percentage
of cells with various spindle defects (C) were quantified for all mitotic cells.
Overexpression of dynein heavy chain, residues 1–1140, represents a control to
demonstrate a dynein-specific defect during mitosis. Standard deviations for
each are shown.




et al., 2009).  The trapping system allowed us to observe the kinetics of this aberrant organelle 
transport, which interestingly, are much slower for the Golgi.  Lysosomes and endosomes were 
fully dispersed at one hour after addition of AP20187, but a full effect on the Golgi required 4 
hours (Fig. 2-2 A, data collected by Dileep Varma).  Because the effects of activated traps were 
not fully penetrant we observed lysosomes after co-expression of both traps, but did not see a 
more severe phenotype (Fig. 2-2 B and C).  We did not observe any effects on mitotic 
progression (Varma et al., 2010), as was recently observed after LC knockdown (Raaijmakers et 
al., 2013).   
Figure 2-3. The LC8 Trap Binds LC8 In Vivo and Sequesters LC8 from Dynein (Adapted from (Varma et al., 
2010)).  (A) GFP-LC8 trap co-precipitates LC8.  Anti-GFP was used to pull down GFP-LC8 trap in lysates of trap-
expressing Cos7 cells treated with AP20187 or ethanol, as a control, for 8 hrs. Western blotting shows LC8 only co-
precipitates with the trap when AP20187 was added.  (B) The LC8 GFP-trap sequesters LC8 from dynein.  GFP 
LC8-trap expressing Cos7 cells were treated with AP20187 or EtOH for 8 hr.  Western blotting shows anti-dynein 
IC immunoprecipitation from lystates of sorted cells has less LC8 associated with dynein when cells are treated with 
AP20187 compared to controls.  (C) Quantification of LC8 in dynein IP relative to IC band.  Error bars are S.D. for 
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 Our observations imply that the traps work as expected, however LC8 and Tctex also 
interact with other proteins in potentially a dynein independent manner.  We used the LC8 trap to 
confirm that expressed traps bind LCs and sequester them from dynein in our cellular assays. 
Over-expressed GFP-LC8 trap co-precipitated LC8 only when AP20187 was added.  
Additionally, 60% less LC8 co-precipitated with dynein from sorted, GFP-LC8 trap-expressing 
cells when AP20187 was added (Fig. 2-3).  While we cannot rule out off target effects from 
sequestering LC8 from other proteins, it is plausible that the phenotypes are dynein-related, as 
the organelles examined are well-know dynein cargo (Burkhardt et al., 1997). 
The Potential Effects of LC Inhibition on Dynein 
 Varma et al. and other studies show a role for the LCs in several dynein functions, but 
mounting structural data argue against LCs as cargo adaptors.  In particular LC8 is known to 
interact with several other proteins (Table 1-1) and in some cases to stabilize their dimeric state 
(Barbar, 2008).  Furthermore, LC8 increases the helical content of the IC dimerization region 
upon binding (Nyarko and Barbar, 2010; Nyarko et al., 2004).  Thus loss of LC8 from the dynein 
complex may affect dynein function by destabilizing the IC-IC interaction, which could in turn 
destabilize the entire complex.  However, sucrose gradient sedimentation of lysates treated with 
LC8 or control RNAi showed identical dynein sedimentation patterns, with dynein peaking at 
20S (Fig. 2-4).  If LC8 does alter IC-IC interaction it may be difficult to detect and/or may not 
affect the whole complex.  Alternatively, multiple LCs might participate in complex 
stabilization, though our previous observations indicate that inhibiting one LC is sufficient to 
disrupt dynein function and that co-inhibition does not exacerbate the phenotype, at least in the 




Figure 2-4. LC8 Knockdown Does Not Alter Dynein’s Sedimentation on a Sucrose Density Gradient.  Lysates 
from Cos7 cells treated with LC8 or control RNAi for 48 hrs were centrifuged through to a 5-20% sucrose gradient.  
Gradient fractions were Western blotted for dynein HC, IC, LC8 and dynacin p150.  Sedimentation profiles of HC, 
and IC were similar under both conditions.  Note that in the control lysates much LC8 does not co-sediment with 
dynein. 
 
Another way LCs might affect dynein activity is by altering their association with 
regulatory proteins, namely NudE or dynactin.  In the most ubiquitous IC isoform (IC2C), Tctex 
and LC8 interact with the IC approximately 30 residues C-terminal to the NudE and dynactin 
binding sites.  Dynactin p150 and NudE compete for overlapping sites in the first 70 amino acids 
of IC, and we hypothesized that LCs might regulate this competition.  To assess this, 
recombinant IC 1-250, which contains LC8 and Tctex/RP3 binding sites was pre-incubated with 
one or both LCs followed by addition of NudE or the dynein binding region of p150, CC1.  
Interestingly, the LCs did not affect the CC1-IC interaction but together they increased IC 
binding to NudE nearly 5-fold and LC8 alone more than doubled the amount of IC co-
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recombinant IC N-terminus bind preferentially to CC1 (Mckenney et al., 2011; Nyarko et al., 
2012).  Our data indicate LCs may shift the binding toward NudE, though the experiments in 
Mckenney et al. used purified dynein, which is at least partially occupied by LCs.  Additionally, 
LC8 binds directly to NudE (Stehman et al., 2007) and it is possible that LC8 recruits NudE to 
the IC.  As such, we decided to examine the NudE-LC8 interaction in more detail. 
Figure 2-5. LCs Increase NudE Association with IC 1-250. (A) Purified recombinant LC8 and/or RP3 were 
mixed with purified recombinant IC 1-250 and co-precipitated with beads loaded with anti-HA and HA-Nude.  Note 
the antibody heavy chain reacts with the secondary antibody and runs just above NudE.  (B) The same experiment as 
(A) but with Flag-CC1 instead of HA-NudE.  (C) Quantification of Western blot IC signals normalized to NudE or 

















































































































Characterization of the NudE-LC8 Interaction 
 We first set out to define the LC8 binding region on NudE.  Having determined that LC8 
does not bind the NudE N-terminal coiled-coil (residues 1-191) (Fig. 2-6 A and B), we used the 
pepscan technique, which was successfully employed to determine LC8 biding sequences in 
several other proteins (Navarro-Lérida et al., 2004; Rodríguez-Crespo et al., 2001).  
Recombinant LC8 was incubated with a membrane spotted with overlapping dodecapeptides 
covering the C-terminus of NudE, followed by blotting with primary LC8 and secondary 
anitbodies.  The strongest reacting spots share the sequence, KRTDMAVQATGS, which spans 
residues 200-209 (Fig. 2-6 C and E).  We further confirmed binding to this region using 
recombinant NudE 1-218 (Fig. 2-6 A and B).  Shortly after this work was published, Rapali and 
colleagues determined the LC8 binding consensus sequence from more than 40 confirmed LC8 
binding sequences (Rapali et al., 2011b).  The sequence we identified in NudE fits this consensus 
and is highly conserved across species in both NudE and NudEL (Fig. 2-6 D and E).   
 Because dynein IC binds to the interdimer grooves on an LC8 dimer, as do all other 
proteins for which there are structures with LC8 (Rapali et al., 2011a), we wanted to know if the 
same LC8 dimer could bind dynein and NudE simultaneously.  Recombinant GST-IC 70-154, 
which binds LC8 but not NudE, could compete LC8 from preformed LC8-NudE complexes (Fig. 
2-7 A and B), demonstrating that LC8 does not participate in the interaction between NudE and 
IC and that NudE must bind the same location on the LC8 dimer as IC.  Furthermore, we could 
not compete dynein complex from NudE using excess LC8 (Fig. 2-7 C, data collected by 
Richard McKenney), again supporting that LC8 binds NudE in a dynein independent fashion.  
These data are consistent with the fact that the defined dynein interacting regions on NudE (Fig. 
2-8 A) do no overlap with the LC8 binding site that we discovered.  
! 62!
 
Figure 2-6. Defining the LC8 Binding Region on NudE. (A) Diagram of NudE/L domains and NudE constructs 
that bind LC8.  (B) Coomassie staining of pull downs of GST tagged NudE constructs showing full length NudE  
(lane 2) or 1-218 (lane 3) but not 1-191 (lane 4) or beads alone (lane 1) interact with LC8.  BSA migrates to the 
same location as full length NudE and is visible in all lanes.  (C) Pepscan membrane spotted with overlapping 
dodecapeptides incubated with recombinant LC8 followed by blotting with LC8 antibody.  Control was blotted only 
with primary and secondary antibodies. The sequences below correspond to those on the pepscan and KRTD is the 
most conservatively predicted LC8 binding region based on five reactive spots.  (A-C are adapted from (Mckenney 
et al., 2011)) (D) Consensus LC8 binding sequence derived from known binding partners.  The sequence 
corresponding to the two strongest reacting spots on the pepscan is aligned below (residues 200-209, mouse NudE 
numbering).  In particular aspartic acid, alanine, valine and glutamine at postions -4, -2, -1, and 0, respectively, 
match the consensus. (Adapted from (Rapali et al., 2011a)).  (E) Alignments of NudE and NudEL from mouse, 
human and chicken (accession numbers are listed on the left) showing conservation of LC8 binding sequence (blue 
box) and nearby phosphorylation sites (orange arrows). 
 
Having established a dynein independent interaction between NudE and LC8, we performed 
several preliminary experiments to investigate its biological significance.  LC8 binds NudE just 
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were shown to be transported either on microtubules
or on the actin filaments, it was widely assumed that
LC8 could function as a cargo adapter being simulta-
neously associated with both the motor and the cargo
protein [8–13]. However, recent structural and thermo-
dynamic studies challenged this hypothesis: the two
identical binding sites of LC8 and the homodimeric
nature of both DIC and myosin 5a heavy chain
(MYO5A) make it unlikely that LC8 can bridge the
cargo to either motor complex [14–17]. The facts that
LC8 interacts with proteins that are not associated
with intracellular transport and that it is present in
plants that are entirely devoid of dynein motors [2]
point to a more general role of LC8. Recently, it has
been recognized by analyzing the sequences of LC8
interaction partners that the short linear LC8 binding
motifs are located in intrinsically disordered protein
segments [18,19]. Moreover, the LC8 binding motif is
often located close to coiled-coil or other dimerization
domains of the interacting partners. Accordingly, the
current view is that LC8 is an essential hub protein
that functions as a ‘molecular velcro’: it promotes
dimerization and structural stabilization and hence it
could allosterically regulate its binding partners in
diverse protein complexes and networks, the dynein
motor complex being only one of them [18].
Structure of DYNLL ⁄LC8 alone and in
various complexes
The solution and crystal structures of LC8 in apo form
[8,20–23] and in complex with peptides from six bind-
ing partners [DIC, neuronal nitric oxide synthase
(nNOS), Bim, Swallow, p21-activated kinase (Pak1),
EML3] have been determined [8,14,22,24–26]. More-
over, models with three additional binding peptides
have recently been published [27,28]. LC8 has a unique
fold (Fig. 1A, B): two-five-stranded, antiparallel
b-sheets are responsible for dimerization; each b-sheet
contains four strands from one monomer and a fifth
strand from the other monomer. These sheets are
flanked by two pairs of a-helices at the opposite faces
of the dimer. Interestingly, the Tctex ⁄DYNLT light
chain is a structural homolog of LC8 ⁄DYNLL with
no apparent sequence similarity [29,30]. Despite their
structural similarity there is no overlap in known tar-
gets of the two light chains [1]. The bound ligands of
LC8 lie in two identical parallel grooves formed at the
two edges of the dimerization interface. The bound
peptides form an extra antiparallel b-strand and there-
fore augment the central b-sheets [8,14,22,24–26]
(Fig. 1A, B). Practically all non-identical residues of








Fig. 1. (A) Structure of DYNLL ⁄ LC8 complexed with a peptide
ligand. Crystal structure of human DYNLL2 in complex with the bind-
ing motif of EML3 at 1.3 A˚ resolution (PDB ID: 2XQQ) [26]. DYNLL2
is a homodimer with the monomers related by a twofold axis (cyan
and blue). Two peptides (orange) corresponding to the binding motif
of EML3 lie in the binding grooves formed at the edge of the
dimerization interface of DYNLL2. Side-chains with a key role in the
interaction (Arg)3, Thr)1, Gln0, Thr1) are highlighted. (B) Two
five-stranded b-sheets are formed at the dimerization interface, each
containing four strands from one monomer and the fifth from the
other. Residues not fully conserved in LC8 paralogs and orthologs
are shown in red. Most of the natural diversity clearly occurs in
a-helices and loops far from the ligand, while the binding grooves
are highly conserved. The bound peptides a gment the five-
tranded b-she ts by an antiparallel b-strand. (C) Sequence logo of
the bindi g motif of all hitherto determined and verified LC8 binding
motifs. Similar colors indicate similar chemical properties [135].
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NDEL1_CHICK!
CLUSTAL O(1.1.1) multiple sequence alignment
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     MED-SGKTFESEEEETNYWRDLAMTYKQRAENTQEELREFQEGSREYEAELEAQLQQIET 59
SP|sp|Q9NXR1|NDE1_H MAN|NDE1_HUMAN     M D-SGKTFSSEEEEANYWKDLAMTYKQRAENTQE LREFQEGSREYEAELETQLQQIET 59
SP|sp|Q5ZMC9|NDE1_CHICK|NDE1_CHIC      M DSEEHHFSSVEEET YWKELAMKYKQCAENIQE LCEFQEGSREYEAELETQLQQTES 60
TR|tr|F1P3Q0|F1P3Q0_ HICK|F1P3Q0_C ICK MDSEEIPTFSSP EETAYWKELSLKYKQSFQEARE LAEFQEGSRELEAELEAQLVQAEQ 60
SP|sp|Q9GZM8|NDEL1_HUMAN|NDEL1_HUMAN   MDGEDIPDFS EETAYWKELSLKYKQSFQEARD LVEFQEGSRELEAELEAQLVQAEQ 60
SP|sp|Q9ERR1 MOUSE|NDEL1_MOUSE   MDGEDIPDFS EETAYWKELSLKYKQSFQEARD LVEFQEGSRELEAELEAQLVQAEQ 60
                                    *:  .   *.* :**: **::*::.***  :: ::** ******** *****:** * * 
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     RNRDLLSENNRLRMELESVKEKFEMQHSEGYRQISALEDDLAQTKAIKDQLQKYIRELEQ 119
SP|sp|Q9NXR1|NDE1_H MAN|NDE1_HUMAN     NRDLLSENNRLRMEL TIKEKFEVQHSEGYRQISALEDDLAQTKAIKDQLQKYIRELEQ 119
SP|sp|Q5ZMC9|NDE1_CHICK|NDE1_CHICK     NRDLLSENNRLRIEL SVKEKFEMQHSEWYRQVSALEDDLAQTKAIKDQLQKYIRELEQ 120
TR|tr|F1P3Q0|F1P3Q0_ HICK|F1P3Q0_CHICK NRDLQADNQRLKYEV TLKEKLEHQYAQSYKQVSLLEDDLSQTRAIKDQLHKYVRELEQ 120
SP|sp|Q9GZM8|NDEL1_HUMAN|NDEL1_HUMA    RNRDLQADNQRLKYEVEAL EKLEHQYAQ YKQVSVLEDDLSQTRAIKEQLHKYVRELEQ 120
SP|sp|Q9ERR1 MOUSE|NDEL1_MOUSE   RNRDLQADNQRLKYEVEAL EKLEHQYAQ YKQVSVLEDDLSQTRAIKEQLHKYVRELEQ 120
                                    ***** ::*:**: *:*::***:* *::: *:*:* *****:**:***:**:**:*****
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     ANDDLERAKRATIMSLEDFEQRLNQAIERNAFLESELDEKENLLESVQRLKDEARDLRQE 179
SP|sp|Q9NXR1|NDE1_H MAN|NDE1_HUMAN     ANDDLERAK ATIMSLEDFEQRLNQAIER AFLESELDEK NLLESVQRLKDEARDLRQE 179
SP|sp|Q5ZMC9|NDE1_CHICK|NDE1_CHICK     ANDDLERAK AAIMSLEDFEQRLNQAIER AFLESELDEK NLLESVQRLKDEARDLRQE 180
TR|tr|F1P3Q0|F1P3Q0_ HICK|F1P3Q0_CHICK ANDDLERAK ATIVSLEDFEQRLNQAIER AF ESELDDK SLLVSVQRLKDEARDLRQE 180
SP|sp|Q9GZM8|NDEL1_HUMAN|NDEL1_HUM N   ANDDLERAK ATIVSLEDFEQRLNQAIERNAFLESE DEK SLLVSVQRLKDEARDLRQE 180
SP|sp|Q9ERR1 MOUSE|NDEL1_MOUSE   ANDDLERAK ATIVSLEDFEQRLNQAIERNAFLESELDEK SLLVSVQRLKDEARDLRQE 180
                                    ***********:*:************************:**.** ***************
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     LAVQQKQDK---PRTPMPGSGQAKRTDMAVQATGSVPSTPVAHRGPSSGLNTPGMFRRGL 236
SP|sp|Q9NXR1|NDE1_H MAN|NDE1_HUMAN     LAVQQKQEK---PRTPMPSSVEAERTDTAVQATG VPSTPIAHRGPSSSLNTPGSFRRGL 236
SP|sp|Q5ZMC9|NDE1_CHICK|NDE1_CHICK     LAVQQKQEK---PKTPMRTSLETERTDTAVQA L LPSTPSLHRAPNINIPTPATFRRGF 237
TR|tr|F1P3Q0|F1P3Q0_ HICK|F1P3 0_CHICK LAVRE QQEV RKSAPSSPTLDCEKMDSAVQASLSLPATPVGKG-SENSFPSPKAIPN-- 237
SP|sp|Q9GZM8|NDEL1_HUMAN|NDEL1_HUMAN   LAVRERQQEVTR SAPSSPTLDCEKMDSAVQASLSLPATPVGKG-TENTFPSPKAIPN-- 237
SP|sp|Q9ERR1 MOUSE|NDEL1_MOUS    LAVRERQQEVTR SAPSSPTLDCEKMDSAVQASLSLPATPVGKG-TENSFPSPKAIPN-- 237
                                    ***:::*::     :*   : : :: * ****: *:*:**  :   . : :*  : .  
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     DSSTSGTPLTPAARISALNIVGDLLRKVGALESKLASCRNFMYDQSPSRTSGPASGRGTK 296
SP|sp|Q9NXR1|NDE1_H MAN|NDE1_HUMAN     DDSTGGTPLTPAA ISALNIVGDLLRKVGALESKLASCRNLVYDQSPNRTGGPASGRSSK 296
SP|sp|Q5ZMC9|NDE1_CHICK|NDE1_CHICK     EDSYCATPLTPAA ISALNIMGDLLRKVGALESKLASCRNFVYDQ PDRTTVSMY----M 293
TR|tr|F1P3Q0|F1P3Q0_ HICK|F1P3Q0_CHICK --GFGTSPLTPSA ISALNIVGDLLRKVGALESKLAACRNFAKDQASRKSYISGNANSSM 295
SP|sp|Q9GZM8|NDEL1_HUMAN|NDEL1_HUMAN   --GFGTSPLTPSA ISALNIVGDLLRKVG LESKLAACRNFAKDQA RKSYISGNVNCGV 295
SP|sp|Q9ERR1 MOUSE|NDEL1_MOUSE   --GFGTSPLTPSA ISALNIVGDLLRKVG LESKLAACRNFAKDQASRKSYVPGSVNCGV 295
                                      .   :****:********:***************:***:  **:  ::          
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     NRDGVDRRPGSTS--VGDKGSGKRLEFGKPASEPASPALPSAQGVVKLLL 344
SP|sp|Q9NXR1|NDE1_H MAN|NDE1_HUMAN    NRDG ERRPSSTSVPLGDKGLGKRLEFGKPPSHMSSSPLPSAQGVVK LL 346
SP|sp|Q5ZMC9|NDE1_CHICK|NDE1_CHICK     NRDALETR-MSPHQPLCDTGLVKRLEFGTRPSSTPGPMSHPSQSVVKMLL 342
TR|tr|F1P3Q0|F1P3Q0_ HICK|F1P3Q0_CHICK MSSNGTKYPHPGHTSFFDKG------------------------------ 315
SP|sp|Q9GZM8|NDEL1_HUMAN|NDEL1_HUMAN   LNGNGT FSRSGHTSFFDKGAVNGFDPAPPPPGLGSSRPSSAPGMLPLSV 345
SP|sp|Q9ERR1 MOUSE|NDEL1_MOUSE   MN NGPECPRS RATFFHKGAVNGFD APP PG GS RPSSAPGMLPLSV 345
                                                   . ..*                             
CLUSTAL O(1.1.1) multiple sequence alignment
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     MED-SGKTFESEE ETNYWRDLAMTYKQRAENTQEELREFQEGSREY AELEAQLQQIET 59
NXR1 HUMAN HUMAN S A K T
5ZMC9 CHICK CHICK SEEHH V TR E K C I C T S 60
TR tr F1P3Q0 F1P3Q0_CHICK|F P3Q0_CHICK DSE IPT PK A L SFQEAR A L A V A Q
SP sp Q9GZM8 NDEL1_HUMAN   G D D L D V
ERR1 MOUSE
            *: . *.* :**: **::*::. *  :  : ** ****** * :   * 
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     RNRDLLSENNRL MELESVKEKFEMQHS GYRQISALEDDLAQTKAIKDQLQKYIRELEQ 119
NXR1 HUMAN HUMAN TI V
5ZMC9 CHICK CHICK I SV M W V 20
TR tr F1P3Q0 F1P3Q0_CHICK|F P3Q0_CHICK QAD Q KY V TL L H YAQS L R H V
SP sp Q9GZM8 NDEL1_HUMAN   A V E
ERR1 MOUSE
            ***** ::*:**: : : * *:  *: : *: :* * ***: *:* *: : *: *
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     ANDDLERAKRATIMSLEDFEQ LNQAIERNAFLESELDEKE LLESVQRLKD ARDLRQE 179
NXR1 HUMAN HUMAN
5ZMC9 CHICK CHICK A 80
TR tr F1P3Q0 F1P3Q0_CHICK|F P3Q0_CHICK T V D S V
SP sp Q9GZM8 NDEL1_HUMAN   E
ERR1 MOUSE
            ***********: : * * : .  * * *
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     LAVQQKQDK---PRTPMPGSGQAKRTDMAVQATGSVPSTPVAHRGP SGLNTPGMFRRGL 236
NXR1 HUMAN HUMAN E S VE E T I S S
5ZMC9 CHICK CHICK K RT L T SL L S A NINIP AT F 7
TR tr F1P3Q0 F1P3Q0_CHICK|F P3Q0_CHICK RER QEVTRKSA SSPT DC M S A VGKG-SENSF S KAIPN--
SP sp Q9GZM8 NDEL1_HUMAN   T T
ERR1 MOUSE S
            ***:::*::   :*    : :: * ****: * *: *  :  .   :*  : . 
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     DSSTSGTPLTPAARISALNIVGDLL KVGALESKLASCRNFMYDQSPSRTSGPASGRGTK 296
NXR1 HUMAN HUMAN D G LV N G S
5ZMC9 CHICK CHICK E YCA M F D TVSM ----M 3
TR tr F1P3Q0 F1P3Q0_CHICK|F P3Q0_CHICK --GFGTS S V A K ASRKSYI GNANS 5
SP sp Q9GZM8 NDEL1_HUMAN   V CGV
ERR1 MOUSE VP S
            . :****:******* : * * : :  :  :      
SP|sp|Q9CZA6|NDE1_MOUSE|NDE1_MOUSE     NRDGVDRRPGSTS--VG KGS KRLEFGKPASEPASPALPSAQGVVKLLL 344
NXR1 HUMAN HUMAN GE S VPL L P HMS SP M 6
5ZMC9 CHICK CHICK AL T -M PHQ C V TR STPGPMSHPS 2
TR tr F1P3Q0 F1P3Q0_CHICK|F P3Q0_CHICK MSSNGTKYPHPG T FF ------------ 15
SP sp Q9GZM8 NDEL1_HUMAN   LNG FSRS AVN FDPAPPPPGLGSSR SSA GM PL V 4
ERR1 MOUSE M S PECP RAT H







C-terminal to its coiled-coil region.   The NudE C-terminus is disordered and also contains one 
of two dynein interacting regions (Liang et al., 2004; Alkuraya et al., 2011; Zylkiewicz et al., 
2011; Wang and Zheng, 2011)(Fig. 2-8 A).  Given LC8’s ability to induce structure in disordered 
regions we hypothesized that LC8 might affect dynein’s interaction with NudE’s C-terminal 
region.  However, co-precipitation of NudE pre-incubated with LC8 bound purified dynein to the 
same extent as NudE alone (Fig. 2-8 B, data collected by Richard McKenney).  Recently LC8 
was reported to induce oligomerization of Nek9, a NIMA kinase involved in early mitosis 
(Regue et al., 2011).  LC8 interacts with Nek9 in a region adjacent to a coiled-coil, analogous the 
LC8 interaction site on NudE and crystal structures of NudEL’s coiled-coil suggest that it may 
form tetramers (Derewenda et al., 2007). To assess if LC8 alters NudE’s oligomeric state, we 
sedimented NudE alone or with LC8 on sucrose density gradients, however there was no 
difference in the sedimentation patterns (Fig. 2-8 C).  Finally, based on the finding that LC8’s 
interaction with Nek9 is regulated by phosphorylation at a site near the LC8 interaction region 
(Regue et al., 2011), we examined the effect of NudE phosphorylation on LC8 binding.  NudE/L 
contains several conserved CDK5 and Erk1/2 phosphorylation sites in the C-terminal 
unstructured region (Fig. 2-8 A), which have been shown to affect interaction with Lis1 and 
dynein and are involved in dynein’s mitotic and axonal transport functions (Niethammer et al., 
2000; Hebbar et al., 2008; Yan et al., 2003; Pandey and Smith, 2011; Zylkiewicz et al., 2011).  
Two of these phosphorylation sites are immediately adjacent to the LC8 binding region in NudE 
(Fig. 2-6 E) so we made recombinant phosphomimetic NudE constructs for these sites.  Co-
precipitation revealed that neither phosphorylation site affected the interaction.  Since both sites 
can be phosphorylated by CDK5, a change in binding may only be observed in the double 




Figure 2-7. LC8 Binds NudE Independently from Dynein. (A) Western blot showing IC 70-154 competes LC8 
from NudE.  HA-NudE was preincubated with LC8 followed by addition of increasing amounts of IC 70-154, which 
does not bind NudE alone.   The Western blot on the right shows that IC 70-154 binds LC8.  Diagram below shows 
full length IC and the domains in IC 70-154.  (B) Quantification of LC8 bound to NudE in the presence of 
increasing concentrations of IC 70-154.  Error bars are S.D. for three independent experiments.  (C) Western blot 
showing LC8 cannot compete dynein from NudE.  0X (lane 1), 1X (lane 2), 5X (lane 3), or 10X (lane 4) LC8 was 
added to pre-formed NudE dynein complexes.  LC8 coprecipitates without displacing dynein. Control beads were 




































































Figure 2-8.  The Significance of the LC8-Nude Interaction Remains Unclear.  (A) Diagram of NudE domains, 
interaction regions, and phosphoroylation sites (green lollipops) (Courtesy of Shahrnaz Kemal).  NudE’s N-terminal 
region is a coiled-coil, which mediates dimerization, and its C-terminus is unstructured.  (B) Western blot showing 
pre-binding LC8 to NudE does not change its affinity for dynein.  HA-NudE was preincubated with LC8 (lanes 1 
and 2) and combined with purified dynein (lane 2) or HA- NudE was bound to dynein in the absence of LC8 (lane 
3).  Recombinant LC8 runs slightly slower on the gel and does not affect NudE’s ability to bind dynein.  The control 
shows dynein and LC8 don’t bind beads without NudE (lane 4)(Adapted from (Mckenney et al., 2011), data 
collected by Richard McKenney). (C) Western blot showing NudE with or without LC8 has the same sedimentation 
pattern on a sucrose density gradient.  (D) Western blot showing S196E and T215E (mouse NudE numbering) 






































Acute Inhibition of LC8 and Tctex Families of Light Chains 
 The LC trapping experiments demonstrate both the efficacy of the traps and the 
contribution of LCs to dynein mediated transport of lysosomes, endosomes, and Golgi vesicles.  
Unfortunately, their specificity is limited by the specificity of the LCs themselves and in the case 
of LC8, which has over 60 binding partners, it will always be difficult to prove that dynein is the 
only protein affected.  Until we can mutate the dynein IC to prevent LC binding in cells, we will 
not be able to clearly distinguish the biological role of LCs in dynein-specific functions.  This 
has been done in S. cerevisiae, where dynein function is limited to spindle pole positioning and 
the phenotype is similar to deleting the LC8 gene (Stuchell-Brereton et al., 2011), despite a well-
described non-dynein role for LC8 in yeast (Stelter et al., 2007).  For now, to study mammalian 
LCs we have to suffice with depleting LCs broadly.  Thus far the data indicate there are 
important roles for LCs in dynein function. 
The Potential Effects of LC Inhibition on Dynein 
 If we relinquish the idea of LCs as cargo adaptors, the most obvious alternative is that 
they serve a structural role.  EM images of recombinant LC-less dynein from the Surrey lab 
support this, as this dynein has a more splayed appearance compared to the full complex (Trokter 
et al., 2012).  Dynein purified from an S. cerevisiae LC8 deletion strain show reduced 
association of HC and IC and decreased run lengths in single molecule studies (Rao et al., 2013).  
Interestingly, budding yeast has only one LC8 gene and no other LCs and there are two adjacent 
LC8 binding sites in the dynein IC.  This may imply that in mammalian dynein, LCs contribute 
redundantly to dynein structure and explain why depletion of LC8 did not alter dynein S-value in 
our hands.  Furthermore it suggests that LC inhibition phenotypes originate from reduced single 
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molecule dynein run lengths.  However, our data also show that interactions with regulators may 
be affected by LC8 or Tctex/RP3, though this remains to be confirmed in the context of the 
entire dynein complex.   
Characterization of the NudE-LC8 Interaction 
 When we first discovered the LC8-NudE interaction we naturally assumed it was related 
to the NudE-dynein interaction.  Our results demonstrate this is not the case and that NudE binds 
LC8 independently.  Furthermore we define the LC8 binding region on NudE and show that it is 
highly conserved and closely related to the defined LC8 binding consensus sequence.  We were 
unable to determine any biochemical function of the NudE-LC8 interaction, but many 
possibilities remain.  The location of LC8 binding within NudE may influence phosphorylation 
in this region or interactions with CENP-F, which recruits NudE/L to the nuclear envelope and 
kinetochores (Bolhy et al., 2011; Vergnolle and Taylor, 2007), and/or with 14-3-3-ε, which 
maintains NudEL phosphorylation and is required for normal brain development (Toyo-oka et 
al., 2003) (Fig. 2-8 A).  EM and crosslinking data indicate that the C-terminus of NudE folds 
back to interact with the coiled-coil.  Whether LC8 affects this interaction is an open question 
(Soares et al., 2012).  Notably, in vivo LC8 may be involved in NudE regulation of primary cilia 
length and cell cycle (Kim et al., 2011) or may affect dynein regulation or recruitment by NudE 
and determining the biochemical basis of this will be important. 
Conclusions and Future Studies 
There appear to be important roles for LC8 and Tctex families of LCs in dynein function, 
however more specific manipulation of the mammalian dynein complex is required to fully 
understand LC contributions to dynein’s activities.  Furthermore, the Roadblock family of LCs 
remains understudied.  Interestingly Roadblock 1 is necessary for dynein mediated anchoring of 
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the centrosome near the nuclear envelope, but not for dynein localization there, implying 
Roadblock LCs may have regulatory and/or structural importance.  We identified a potential role 
for LC8 and RP3 in mediating the IC-NudE interaction.  Several other proteins bind the dynein 
IC in the same region as the LCs, and it is possible that LCs regulate these interactions as well 
(Fig 1-2 A).  Notably, Roadblock and LC8 have opposite effects on the IC region between their 
binding sites (Nyarko and Barbar, 2010), which could affect the accessibility of the IC. 
Lastly, the dynein-independent interaction between LC8 and NudE is unexpected and 
determining its significance remains important.  Though it is not obvious why this single protein 
has become so widely used in the cell, continued characterization of its roles in specific cellular 
functions will hopefully reveal the evolutionary story of this fascinating protein.  
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Materials and Methods 
Construction of LC trap expression plasmids (carried out by the Williams Lab) 
The FKBP-LC8TRAP was generated using PCR to isolate a cDNA fragment containing the LC8 
binding region of rat dynein intermediate chain (IC) (isoform 2C) residues 125-138 
(REIVTYTKETQTP), and subcloning this segment into PC4FV1E mammalian expression vector 
(generous gift from Ariad Pharmaceuticals, Cambridge, MA) using the Spe1 and BamH1 
restriction sites (NEB, Beverly MA). An equivalent construct for bacterial expression was 
generated by isolating the cDNA for the FKBP-LC8TRAP and subcloning this fragment into the 
Nco1 and HindIII sites of the pet21D vector (Novagen). 
The FKBP-TcTex-1TRAP constructs for both mammalian and bacterial expression vectors were 
generated using PCR by isolating the cDNA fragment containing the TcTex-1 binding region of 
the rat DIC (residues 107-125, GRGPIKLGMAKITQVDFPPR) and following the same protocol 
for the FKBP-LC8TRAP.  Enhanced green fluorescence protein fusions or GFP tagged FKBP-
LC8TRAP and  FKBP-TcTex-1TRAP were generated by inserting specific cDNA fragments into the 
Sac1 and EcoR1 restriction sites of the pEGFP-C1 vector (Clontech). The sequencing of each 
construct was confirmed by automated DNA sequencing (Kimmel Cancer Center DNA core 
facility). 
Cloning for Protein Expression 
S. Weil cloning: Human LC8 (Accession Number NM_003746) and human RP3 (NM_006520) 
were cloned from pCMVβ into pGEX 6P-1 (Amersham Biosciences) using the EcoRI and XhoI 
restriction sites.  NudE truncated proteins 1-191 and 1-218 were cloned from full length mouse 
NudE (Accession Number Q9CZA6) into pGEX 6P-1 using the BamHI and EcoRI restriction 
sites and primers were designed to include N-terminal HA tag and C-terminal 6X-His tag.  
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Phospho-mutant NudE constructs were generated using Quickchange (Aligent Technologies) in 
full length HA-NudE. 
R. Mckenney cloning: Dynein IC fragments from rat (NM_053880) were cloned into pGEX6P-
1 with a Myc tag at the C terminus, or into pCDNA 3.1 (IC2C 1–260 and 123–280) or pEGFP 
(IC2C 1–100) for mammalian cell expression.  Full-length mouse HA-NudE-6X His, untagged 
NudE truncations 10-191 and 10-165, and flag-p150-CC1 (224-555) were cloned into pGEX6P-1 
p150 Glued fragments were cloned from a full-length rat (EDL91133.1) 
Protein Expression and Purification 
BL21-CodonPlus RIPL competent cells (Agilent Technologies, #230280) were transformed with 
pGEX 6P-1 containing the gene of interest.  Overnight cultures were used to inoculate 0.5-1 L of 
LB or Terrific Broth (Sigma, T5574).  All cultures were grown at 37˚C to an OD (λ600) of 0.5-
0.7 after which, LC8 and RP3 expression were induced with 0.5mM IPTG for 4-6 hours at 37˚C 
while NudE, p150, and IC construct expression were induced with 0.5mM IPTG for 4-6 hours at 
20˚C after 10 minutes cold shock.  Following induction cultures were pelleted and frozen at -
80˚C until purification.  For purification, pellets were resuspended in cold PBS with 1mM DTT 
and 1:500 protease inhibitor cocktail (Sigma, P8340), sonicated on ice for 10 minutes, and 
centrifuged at 4˚C for 30 min at 150,000g with a final concentration of 1% Triton-X.  The 
supernatant was incubated with glutathione beads (GE, 17-0756-01) for 1 hour at 4˚C, collected 
on a column and washed.  Protein was eluted from beads with 10mM reduced glutathione in Tris 
HCl pH 8.0 followed by buffer exchange into storage buffer (50mM Tris-HCl pH 7.0, 150mM 
NaCl, 1mM EDTA, 5% glycerol, 1mM DTT) and flash frozen and stored at -80˚C.  
Alternatively, proteins on glutathione beads were washed into cleavage buffer (50mM Tris-HCl 
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pH 7.0, 150mM NaCl, 1mM EDTA) supplemented with 1mM DTT and incubated overnight at 
4˚C with Precission Protease (GE, 27-0843-01).  The supernatant was collected and 
supplemented with a final concentration of 5% glycerol before aliquoting, flash freezing and 
storage at -80˚C. 
Trap Transfections 
All transfections were performed with Effectene Transfection Reagent (Qiagen) according to 
manufacturers instructions, for 24 hrs. 
FACs Sorting 
Cell sorting was performed on a BD FACSAria and the 30% of the cells were determined to give 
a strong GFP signal and collected for the dynein immunoprecipitations.  AP20187 was kept at a 
concentration of 100 nM during sorting and added to the IP buffer at a concentration of 1 µM. 
Immunoprecipitations 
IPs from trap-expressing cells were performed in RIPA buffer (100 mM NaCl, 50 mM Tris, 
1mM EGTA, 1% NP-40, pH 7.4) with 1mM DTT and 1:100 protease inhibtors (Sigma, P8340) 
at 4˚C for 2hrs.  AP20187, or the equivalent amount of ethanol, was kept at 1uM during IP and 
wash steps. IPs with purified proteins were done in HEPES-NaCl buffer (50 mM HEPES, 50-100 
mM NaCl, 1mM EDTA, .1% Tween, 1 mM DTT, .05 mg/ml BSA, pH 7.4) for 1 hr at 4˚C with 
200nM protein unless excess is indicated in the figure. All IPs were performed with protein A 
agarose beads (Invitrogen).  IP and blotting antibodies are: anti-GFP (Abcam, ab1218), anti-
dynein intermediate chain 74.1 (Millipore, MAB1618), anti-LC8 (Santa Cruz, PIN-FL89), anti-
FKBP (Abcam, ab2918), anti-HA (Covance, 16B12), anti-GST (Santa Cruz, sc-53909), anti-LC8 
(Abcam, ab51603), anti-myc (Sigma, M4439), anti-Flag (Sigma, F1804 M2) and anti-RP3 
(generous gift from Kevin Pfister).   
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GST-NudE Construct Pull Downs  
800 nM of GST-NudE full length, 1-191, or 1-218 were incubated with glutathione beads (USB)  
and a 3X molar excess of purified, recombinant LC8 in buffer (50 mM HEPES, 50 mM NaCL, 1 
mM EDTA, .1% Tween) supplemented with 0.05 ug/ul BSA and 1mM DTT for 1 hour at 4˚C.  
The beads were washed 4 times, resuspended in buffer, and supernatants and pellets were 
analyzed by SDS-PAGE electrophoresis and Coomassie staining. 
Live Cell Imaging of Lysosomes in Cos7 Cells 
Cells were co-transfected with mcherry-LC8 trap and GFP-Tctex trap for 24hrs and treated with 
Lysotracker (Invitrogen) for 1 hr.  Lysotracker was washed out and images were collected in a 
temperature controlled environmental chamber every minute for 1 hr following addition of 5 uM 
AP20187 using a Leica DMRB microscope outfitted with Photometrics Coolsnap EM-CCD 
camera.  
Determination of LC8 Bidning Region on NudE with Pepscan Membrane 
A membrane array spotted with overlapping dodecapeptides was generated based on mouse 
NudE (Accession Number Q9CZA6) C-terminus residues 192-344 (JPT Peptide Techonologies, 
Berlin).  Each spot contains approximately 5 nmol of a 12 amino acid-long peptide that is 
covalently linked to a cellulose-βalanine membrane.  The sequence of peptides in adjacent spots 
are shifted C-terminally by two residues such that two neighboring spots overlap by ten residues.  
Before use, the membrane was reconstituted at room temperature in methanol for 5 min, 
followed by three ten minute washes with TBS.  Blocking was performed for 1 hr with 5% milk 
in TBS-T.  Non-specific interaction of antibodies with the membrane was determined first by 1 
hr incubation simultaneously with primary rabbit monoclonal LC8 antibody (Abcam, ab51603) 
at a dilution of 1:2500 and secondary anti-rabbit Alexa Fluor 680 (Invitrogen, A10043) at a 
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dilution of 1:10,000 in 5% milk in TBS-T at room temperature.  The membrane was then 
scanned using Odessy Imaging System (LI-COR). 200 nM of recombinant purified human LC8 
in 5% milk in TBS-T was incubated with the membrane overnight at 4˚C and for 1 hour at room 
temperature the following day, followed by three 10 minute washes with TBS-T, sequential 
probing with primary and secondary antibodies, and scanning as before.  Scans of the membrane 
before and after incubation with LC8 were compared to identify the residues in the C-terminus of 
NudE that are involved in binding LC8. 
LC8 RNAi 
Cos7 cells were treated with smart pool of RNAi olgionucleotides (Dharmacon) for 24 hrs.  




Gradients were made by overlaying 4 layers of 20,15,10, and 5% sucrose in Tris-KCl (20 mM 
Tris, 50 mM KCl, 1 mM MgSO4,1 mM EDTA, pH 7.4), which were allowed to linearize for 1 hr.  
Purified proteins or soluble portion of lysates were applied to gradients, which were centrifuged 



































Chapter 3  





As discussed in Chapter 1, dynactin has emerged as a ubiquitous regulatory and 
recruitment factor for dynein.  This dual role for dynactin, as well as the lack of a well-defined 
stable dynein-dynactin complex has complicated study of this important transport system and 
many questions remain regarding the interaction of dynein and dynactin, the extent to which 
dynactin participates in recruitment versus direct modulation of dynein activity and the nature 
and mechanism of this modulation.   
The most recognized regulatory role for dynactin is as a processivity factor, an activity 
originally thought to arise from microtubule interacting domains on the p150 subunit of dynactin, 
which contains N-terminal CAP-Gly and basic domains (Fig. 3-1 B).  In early in vitro single-
molecule studies performed with purified mammalian dynein and dynactin bound non-
specifically to carboxylated beads, dynein could drive minus end movement of beads along MTs 
and the average run length was doubled upon addition of dynactin.  Including a monoclonal 
antibody to the N-terminal region of p150, which presumably disrupts its interaction with MTs, 
abolished the effect (King and Schroer, 2000).  However, a direct interaction between purified 
dynein and dynactin was never demonstrated, and it was recently shown that these two 
complexes do not interact in vitro on their own.  Instead an N-terminal coiled-coil region of 
BicD2, a factor known to recruit dynein and dynactin to nuclear and vesicular membranes, is 
required to bridge the interaction (Schroer and Sheetz, 1991; Splinter et al., 2012; King and 
Schroer, 2000). 
Furthermore, some studies have called into question the involvement of p150 MT-
interacting regions in increasing dynein’s processivity.  Dynactin complexes purified from 
Saccharomyces cerevisiae and labeled with HaloTag® show processive motion only in the 
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presence of unlabeled dynein, indicating their direct interaction in this system.  The run length of 
these co-complexes is approximately 2.5 times greater than dynein alone, an effect that is 
maintained when the endogenous p150 gene is N-terminally truncated (Kardon et al., 2009). 
Furthermore, several studies have demonstrated that the CAP-Gly and basic domains are not 
required for transport of various dynein cargos in vivo.  Disruption of the Golgi by p150 
knockdown in HeLa cells is rescued by p150 or p135, a neuronal isoform lacking the CAP-Gly 
domain and half of the basic domain (Dixit et al., 2008).  In neurons ΔN-p150 and full length 
protein rescue lysosomal movement along axons following p150 RNAi, however lysosome 
recruitment to axon tips and initiation of retrograde transport requires full-length p150 (Quintyne 
et al., 1999; Moughamian and Holzbaur, 2012; Flores-Rodriguez et al., 2011).   p150 is localized 
to MT plus ends via EB1 and CLIP170, however knockdown of either protein shows no effect on 
membranous organelle localization or transport (Johansson et al., 2007; Watson and Stephens, 
2006).  These studies show that dynactin’s MT-binding region does not have a general role in 
recruiting or activating dynein transport of membranous cargo, and may instead be necessary in 
neurons to localize dynein to MT plus ends and initiate retrograde transport.  Importantly, run 
lengths of vesicles and mRNA particles in vivo are not affected by the loss of p150’s MT-binding 
domain. (Bremner et al., 2009; Kim et al., 2007).   
In light of these disparate claims the role of p150’s MT-binding region in dynein-
dynactin functions, we initiated a study to test a whether a minimal dynein-interacting region of 
dynactin could recapitulate reported activities.  We thoroughly characterized this protein, and 
several other p150 constructs and tested their effects on a range of dynein behaviors in single and 
multiple motor assays.  We find that the minimal binding region (denoted herein as CC1B’) 
increases dynein run length in single molecule assays, but in the context of larger fragments of 
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p150, the effects on dynein activity are mixed.  Furthermore we find that none of the p150 
fragments tested affect dynein’s force production, suggesting that unlike other dynein regulators, 
dynactin does not modulate dynein’s response to high loads (Splinter et al., 2012; Mckenney et 
al., 2010). 
Figure 3-1. Dynactin p150 Domain Map and Dynein-Dynactin Interactions. (A) Hypothetical model of dynein-
dynactin co-complex (Adapted from (Kardon et al., 2009; Vallee et al., 2012; Kim et al., 2007)).  The projecting 
p150 arm is 24 nm and likely contains most of CC1A’ (see B).  A predicted break in the first coiled-coil may 
correspond to the shoulder region.  Dynein IC N-terminal projects out from the dynein base (Siglin et al., 2013; 
Watanabe et al., 2011) and interacts with CC1B’ of p150 (see B).  (B) Map of p150 domains and constructs used in 
this study.  Numbering corresponds to the rat protein (EMBL ID: EDL91132.1). (C) Alignment of CC1 region of 
p150.  CC1 is highlighted in purple with the predicted break in the coiled-coil indicated.  The first residue of CC1B’ 





p150 Subunit of Dynactin!
A! B!
C!
Homo_sapiens_NP_004073.2|               SPGAVPPLPSPSKEEEGLRAQVRDLEEKLETLRLKRAEDKAKLKELEKHKIQLEQVQEWK
Rattus_norvegicus_EDL91132.1            SPGAAPPLPSPSKEEEGLRAQVRDLEEKLETLRLKRSEDKAKLKELEKHKIQLEQVQEWK
Gallus_gallus_NP_001026538.1            SPV-APMVPSPTKEEENLRSQVRDLEEKLETLKIKRNEDKAKLKELEKYKIQLEQVQEWK
Drosophila_melanogaster_AAM48406.1      GAEDKVALLEAQKTSAELQAQLADLTEKLETLKQRRNEDKERLREFDKMKIQFEQLQEFR
                                        .      : .  * .  *::*: ** ******: :* *** :*:*::* ***:**:**::
Homo_sapiens_NP_004073.2|               SKMQEQQADLQRRLKEARKEAKEALEAKERYMEEMADTADAIEMATLDKEMAEERAESLQ
Rattus_norvegicus_EDL91132.1            SKMQEQQADLQRRLKEARKEAKEALEAKERYMEEMADTADAIEMATLDKEMAEERAESLQ
Gallus_gallus_NP_001026538.1            SKMQEQQADLQRRLKEAKKEAKDALEAKERYMEEMADTADAIEMATLDKEMAEERAESLQ
Drosophila_melanogaster_AAM48406.1      TKIMGAQASLQKELLRAKQEAKDAIEAKEQHAQEMADLADNVEMITLDKEMAEEKADTLQ
                                        :*:   **.**:.* .*::***:*:****:: :**** ** :** *********:*::**
Homo_sapiens_NP_004073.2|               QEVEALKERVDELTTDLEILKAEIEEK-----------GSDGAASSYQLKQLEEQNARLK
Rattus_norvegicus_EDL91132.1            QEVEALKERVDELTTDLEILKAEIEEK-----------GSDGAASSYQLKQLEEQNARLK
Gallus_gallus_NP_001026538.1            QEVDSLKEKVEYLTMDLEILKHEIEEK-----------GSDGAASSYQVKQLEEQNARLK
Drosophila_melanogaster_AAM48406.1      LELESSKERIEELEVDLELLRSEMQNKAESAIGNISGGGDSPGLSTYEFKQLEQQNIRLK
                                         *::: **::: *  ***:*: *:::*           *.. . *:*:.****:** ***
Homo_sapiens_NP_004073.2|               DALVRMRDLSSSEKQEHVKLQKLMEKKNQELEVVRQQRERLQEELSQAESTIDELKEQVD
Rattus_norvegicus_EDL91132.1            DALVRMRDLSSSEKQEHVKLQKLMEKKNQELEVVRQQRERLQEELSQAESTIDELKEQVD
Gallus_gallus_NP_001026538.1            EALVRMRDLSASEKQEHVKLQKQMEKKNTELESLRQQREKLQEEVKQAEKTVDELKEQVD
Drosophila_melanogaster_AAM48406.1      ETLVRLRDLSAHDKHDIQKLSKELEMKRSEVTELERTKEKLSAKIDELEAIVADLQEQVD
                                        ::***:****: :*::  **.* :* *. *:  :.: :*:*. ::.: *  : :*:****
Homo_sapiens_NP_004073.2|               AALGAEEMVEMLTDRNLNLEEKVRELRETVGDLEAMNEMNDELQENARETELELREQLDM
Rattus_norvegicus_EDL91132.1            AALGAEEMVEMLTDRNLNLEEKVRELRETVGDLEAMNEMNDELQENARETELELREQLDM
Gallus_gallus_NP_001026538.1            AALGAEEMVETLTERNLDLEEKVRELRETVGDLEAMNEMNDELQENARETELELREQLDL
Drosophila_melanogaster_AAM48406.1      AALGAEEMVEQLAEKKMELEDKVKLLEEEIAQLEALEEVHEQLVESNHELELDLREELDL
                                        ********** *::::::**:**: *.* :.:***::*:.::* *. :* **:***:**:
Homo_sapiens_NP_004073.2|               AGARVREAQKRVEAAQETVADYQQTIKKYRQLTAHLQDVNRELTNQQEASVER-----QQ
Rattus_norvegicus_EDL91132.1            AGARVREAQKRVEAAQETVADYQQTIKKYRQLTAHLQDVNRELTNQQEASVER-----QQ
Gallus_gallus_NP_001026538.1            AAARVREAEKRVEAAQETVADYQQTIKKYRELTAHLQDVNRELMSQQEASAEK-----QQ
Drosophila_melanogaster_AAM48406.1      ANGAKKEVLRERDAAIETIYDRDQTIVKFRELVQKLNDQLTELRDRNSSNEKESLQDPSL
                                        * .  :*. :. :** **: * :*** *:*:*. :*:*   ** .::.:. :.     . 
Homo_sapiens_NP_004073.2|               QPPPETFDFKIKFAETKAHAKAIEMELRQMEVAQANRHMSLLTAFMPDSFLRPGGDHDCV
Rattus_norvegicus_EDL91132.1            QPPPETFDFKIKFAETKAHAKAIEMELRQMEVAQANRHMSLLTAFMPDSFLRPGGDHDCV
Gallus_gallus_NP_001026538.1            QPPPEIFDFKIKFAETKAHAKAIEMELRQMEVQQANRHVSLLTSFMPDSFLRHGGDHDCI
Drosophila_melanogaster_AAM48406.1      KMVTETIDYKQMFAESKAYTRAIDVQLRQIELSQANEHVQMLTAFMPESFMSRGGDHDSI










Structural Characterization of p150 Fragments  
p150 Interactions with Dynein 
Early biochemical studies identified the subunits of dynein and dynactin that appear to 
mediate their interaction, namely dynein IC N-terminus and a region including the first predicted 
coiled-coil (CC1) in dynactin p150 (Mckenney et al., 2011; Vaughan and Vallee, 1995; Karki 
and Holzbaur, 1995).  These regions were subsequently narrowed to the first 70 amino acids of 
the IC and the C-terminal half of p150 CC1 (CC1B) (Kardon et al., 2009; Mckenney et al., 2011; 
King and Schroer, 2000) and during the course of this study, were further refined to amino acids 
1-44 of IC and 415-530 of p150 (Qiu et al., 2012; Siglin et al., 2013).  For this study, CC1B (a.a. 
381-530) was modified from that used in McKenney et al. to more closely correspond to a 
predicted, conserved break in the coiled-coil and is denoted CC1B’ (a.a. 358-555) (Fig. 3-1 B 
and C).  This region of p150 along with the N-terminal half of CC1 (CC1A’ a.a. 224-357) and 
CC1 were expressed in E. coli along with p135-CC1, an N-terminal extension of CC1 
corresponding to the neuronally expressed 135 kDa splice variant of p150 (Fig. 3-1 B).  p135 
lacks the CAP-Gly domain and half of the basic domain and does not to heterodimerize with 
p150 (Ross et al., 2006; Tokito et al., 1996).  Its function in the cell remains unknown.  
Interaction of p150 with purified bovine dynein through CC1B’ was confirmed by 
immunoprecipitation (IP) using C-terminal flag tags on the p150 fragments (Fig. 3-2 A).  We 
previously showed that a monoclonal antibody to the dynein IC N-terminus (Culver-Hanlon et 
al., 2006; Siglin et al., 2013), 74.1, blocks dynactin binding (Wang and Sheetz, 1999; Mckenney 
et al., 2011).  To confirm that all p150 constructs interact with the IC N-terminal region, purified 
dynein was immunoprecipitated with 74.1 in the presence of the p150 fragments.  The antibody 
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blocked all interactions with the fragments confirming that the IC N-terminus is the principle site 
of interaction (Fig. 3-2 B).  Additionally, CC1, CC1B, nor CC1A interacted with baculovirus-
expressed GST dynein motor domain (Fig. 3-2 C).  
Figure 3-2. Recombinant p150 Fragments Interact with Dynein IC N-Terminus via CC1B’. (A) Western blot 
showing all p150 fragments except CC1A’ immunoprecipitate purified bovine dynein.  Control is dynein and flag 
antibody only. (B) Western blot showing that monoclonal dynein antibody 74.1 IP of dynein in the presence of p150 
fragments.  The interaction of p150 fragments with dynein is blocked by the 74.1 antibody.  (C) Coomassie stain of 
pull down of recombinant dynein GST-motor domain with p150 fragments.  None of the fragments tested interact 
with the motor domain.  p150 fragments were used at 40X molar excess to dynein or motor domain. (Ab HC / LC = 
antibody heavy chain / light chain, DIC = dynein IC, MD = motor domain, sup = supernatant) 
 
p150 Fragments Effects on Dynein Structure 
 Our lab recently showed that mutations in the N-terminal dynein heavy chain (HC) tail 

































sedimentation on a sucrose density gradient (Cooper and Wordeman, 2009; Ori-McKenney et al., 
2010; Harms et al., 2012).  These mutations occur in the HC dimerization region and presumably 
slightly destabilize the HC dimer and thus the entire complex.  To test whether the p150 
fragments affected dynein’s inter-subunit interactions, purified bovine brain dynein was 
sedimented on sucrose gradients in the presence of a 10-fold molar excess of each p150 
fragment.  While association of CC1B’ with dynein on the gradient was weak (Fig. 3-3 B), CC1 
and p135 clearly co-sedimented with dynein (Fig. 3-3 A and D).  As expected, CC1A’ did not 
co-sediment with dynein (Fig. 3-3 C).  Importantly, dynein’s sedimentation profile was not 
altered in the presence of the p150 fragments, indicating that there is no gross perturbation of the 
dynein complex stability.  Over-expression of CC1-GFP and CC1B’-GFP in Cos7 cells also 
showed co-sedimentation of the p150 fragments with dynein but had no effect on dynein’s S-




























































































































































































































Figure 3-3. p150 Fragments Do Not Grossly Affect Dynein’s Structure. (A-D) Purified bovine dynein with 10X 
molar excess of p150 fragment sedimentation on sucrose density gradients.  Western blots of gradient fractions show 
dynein sedimented alone, p150 fragment sedimented alone, or dynein and fragment sedimented together.  Dynein IC 
and p150-flag signals are quantified in the graphs.  Error bars are S.D. of 2 independent experiments.  (E) Sucrose 
gradient sedimentation of Cos7 lysates over-expressing GFP, CC1-GFP, or CC1B’-GFP.  Western blots for dynactin 
p150 and dynein IC show no change in dynein or dynactin sedimentation. 
 
Analysis of Secondary Structure and Absolute Molecular Weights 
 CC1 is a strongly predicted, highly conserved α-helical coiled-coil (Fig. 3-1 C).  To 
confirm that our p150 proteins were forming the predicted secondary structure we carried out 
circular dichroism (CD) over a range of temperatures and calculated the corresponding molar 
elipticities as a function of wavelength.  Alpha-helical proteins have a characteristic CD profile 
with a maximum at 190 nm and minima at 208 and 222 nm and a ratio of molar ellipticities at 
222 nm and 208 nm greater than one is consistent with a coiled-coil (Mckenney et al., 2010; Lau 
et al., 1984).  All proteins tested (CC1, CC1B’, CC1A’, and p135-CC1) were predominately α-

















Table 3-1).  Melting curves obtained for CC1 and CC1B’ at 222 nm indicate that CC1B’ is 
substantially less stable than CC1 (Fig. 3-4 B).  
 
Figure 3-4. Circular Dichroism Analysis of p150 Fragments. (A) CD spectra  of p150 fragments at different 
temperatures.  CC1A’ and CC1B’ unfold at 37˚C but can refold upon returning to 4˚C.  (B) Melting curves for CC1 
and CC1B’ at 222 nm show that both proteins can refold after exposure to high temperatures and CC1B’ has a 
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Table 3-1.  Secondary Structure Predictions of p150 Fragments.  Predicted 
proportion of alpha helices, beta strands, and disordered regions at different 
temperatures for each of the p150 fragments.  The ratio of the molar ellipticity at 222 to 
208 is given in the right column and when this is grater than 1.0 it indicates coiled-coil. 
 
 
To confirm that the coiled-coils formed were dimeric, we performed multi-angle light scattering 
at 4˚C to obtain an absolute molecular weight for CC1 and CC1B’.  In both cases, analyses 
indicated that the vast majority of the protein population is dimeric at this temperature, consistent 
with the formation of dimeric coiled-coils (Table 3-2).!!
Table 3-2.  Molecular Weights of CC1 and CC1B’ from Multi-Angle Light Scattering Measurements.  The 
majority of CC1 (94%) and CC1B’ (95%) have a molecular weight similar to the predicted MW of a dimer.  A small 









CC1! 88.9 ± 6.2 (94%)! 514.3 ± 36 (6%)! 82.2!







































4˚C! Alpha Helices! Beta Strands! Turns/Unordered! Θ= 222/208!
CC1! 0.984! 0.016! 0! 1.116!
CC1B'! 0.981! 0.019! 0! 1.115!
CC1A'! 0.983! 0.017! 0! 1.090!
p135 CC1! 0.944! 0.022! 0.034! 1.027!
25˚C! Alpha Helices! Beta Strands! Turns/Unordered! Θ= 222/208!
CC1! 0.975! 0.015! 0.01! 1.075!
CC1B'! 0.975! 0.015! 0.01! 1.050!
CC1A'! 0.974! 0.012! 0.013! 1.016!
p135 CC1! 0.94! 0.024! 0.035! 1.008!
37˚C! Alpha Helices! Beta Strands! Turns/Unordered! Θ= 222/208!
CC1! 0.665! 0.031! 0.304! 0.964!
CC1B'! 0.359! 0.05! 0.591! 0.650!
CC1A'! 0.579! 0.026! 0.394! 0.814!
p135 CC1! 0.944! 0.022! 0.034! 0.956!
! 90!
Analysis of p150 Fragment Effects on Single-Molecule Dynein Behavior 
 All single-molecule studies were performed by Suvranta Tripathy in the Gross Lab at UC 
Irvine Department of Developmental and Cell Biology using purified bovine dynein and the 
p150 fragments described and characterized above.  The data presented below is not shown due 
to pending submission for publication.  Based on studies that implied the p150 MT binding 
regions are not necessary for dynactin to increase dynein’s processivity (Johansson et al., 2007; 
Kardon et al., 2009; Kim et al., 2007), we hypothesized that only the dynein-interacting region of 
dynactin was required to increase dynein run length through some unknown mechanism.  We 
began by assessing the effects of CC1 and CC1B’ on dynein’s single-molecule velocity, MT-
binding, run length and force production.  Dynein was non-specifically attached to carboxlyated 
beads, which were manipulated with an optical laser trap used to bring the bead to a MT and to 
measure the force generated by the attached motor.  All single molecule experiments were 
performed at 23˚C with an MT binding fraction at or below 30%, such that predominately one 
dynein molecule interacted with the MT (Yadav et al., 2012; Svoboda and Block, 1994).  
Velocity, force, and run lengths for dynein alone were similar to previously described 
measurements for mammalian dynein (Muresan et al., 2001; Mckenney et al., 2010; King and 
Schroer, 2000).  Interestingly, addition of 20-fold molar excess of CC1B’ increased the average 
run length of dynein 2.3-fold, in line with reported run lengths for dynein associated with the 
entire dynactin complex (Hoogenraad et al., 2003; King and Schroer, 2000; Matanis et al., 2002).  
CC1B’ had no other effects on dynein’s single molecule behavior in these assays.  Surprisingly, 
though CC1 contains CC1B’, it induced inhibition of several dynein activities, including a 65% 
reduction in beads capable of binding a MT and a 50% reduction in velocity.  Additionally, 70% 
of these beads showed no processive directional motion and could not escape from the weakest 
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trap, compared to 10-25% for controls.  We have termed these molecules ‘diffusive’.  
Processivity and force production for non-diffusive dyneins were unchanged in the presence of 
CC1.  
 We hypothesized that the inhibitory effect of CC1 may be steric, since it is predicted to 
be a nearly 50 nm coiled-coil (at 1.5 Å/a.a. (Caviston et al., 2007; Whitby et al., 1992)) with the 
N-terminal 20 nm CC1A’ unbound to the IC, and potentially obstructing motor activity.  We 
were interested as to whether this represented a real function of dynactin and decided to test a 
p150 fragment with a biologically relevant N-terminus, namely p135-CC1 (Fig 3-1 B), which 
has the same C terminal boundary as CC1 and an N-terminus corresponding to a naturally 
occurring neuronal splice variant that lacks the CAP-Gly domain and part of the basic domain.  
This fragment induced a mixture of effects on dynein, causing a 2-fold increase in average run 
length in 50% of beads while the remaining beads were diffusive.  Non-diffusive beads were also 
slightly slower.  Importantly, p135-CC1 alone on beads did not interact with MTs, suggesting 
that increased run length is mediated by CC1B’.  Furthermore, these results imply that there may 
be some inhibitory function of the N-terminal portion of p150. 
 To further assess the mechanism of CC1B’-induced increased run length, we observed 
stepping both parallel and perpendicular to the MT.  Studies of dynein’s stepping behavior have 
shown that dynein can take different sized steps and has a relatively high rate of backstepping 
(Paschal et al., 1991; Qiu et al., 2012; DeWitt et al., 2011; Mallik et al., 2004).  We also 
observed this behavior for dynein alone. Strikingly, in the presence of CC1B’ dynein took fewer 
backsteps, larger forward steps and showed less lateral motion and fewer shifts between MT 
protofilaments.  Combined, these stepping changes can account for the 2.4-fold increase in 
dynein processivity observed with CC1B’. 
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Analysis of p150 Fragment Effects on Ensemble Dynein Behavior 
p150 Fragment Effects on Dynein-Mediated MT Gliding 
 MT gliding assays are a classical method to determine activity and direction of MT 
motors, whereby motors that are non-specifically immobilized on a glass coverslip power the 
movement of MTs (Fig. 3-5 A).  Average velocities of the MTs are dependent on temperature, 
motor density and ATP and salt concentrations (Böhm et al., 2000).  A recent study showed that 
the dynein regulator Lis1 decreases the MT gliding velocity of single headed dynein motors, 
corresponding to decreased single molecule velocities and increased association with MTs that 
likely explains dynein’s increased persistence under high loads when associated with Lis1 
(Mckenney et al., 2010; Huang et al., 2012).  To test for effects that might correspond to our 
single molecule data, we assayed dynein-driven MT gliding with the various p150 fragments 
(Fig. 3-5 B and Table 3-3).  Interestingly, p135-CC1 slowed MT gliding velocity, perhaps 
consistent with increased association of motors with MTs required for longer run lengths.  
Conversely, CC1 increased gliding speed, which may be caused by the decreased MT binding 
and increased diffusive molecules observed in the bead assays.  This inhibition may serve to 
reduce drag on the MT as it is moved by several motors.  However, it is unclear how the 
increased velocity occurs despite lower single molecule velocities.  CC1A’ had very little effect 
on gliding velocity, as expected.  CC1B’ slightly increased MT speed, but due to the set up of 
our imaging system, gliding assays were performed at 26-27˚C, where the majority of CC1B’ 
would be unfolded (Fig. 3-4 B). 
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Figure 3-5. The Effect of p150 Fragments on Dynein-Driven MT Gliding. (A) Experimental setup for gliding 
experiments.  Dynein is non-specifically adsorbed to a coverslip and fluorescent MTs, ATP, p150 fragments, and an 
oxygen scavenging system are flown in.  (B) Plots of gliding velocities for individual MTs for dynein with 10-fold 
molar excess of p150 fragments.  Horizontal black lines indicate average velocities.  Data were collected from at 





Table 3-3.  MT Gliding Velocities for Dynein with p150 Fragments. Average MT gliding velocities for dynein 
alone (control) or dynein with 10-fold molar excess of p150 fragments as shown in Fig 3-5 B.  N indicates the 
number of MTs observed in at least three independent experiments. P values from a 2-tailed T test are shown in the 









Deviation! N! p (2-tailed T test)!
Control! 0.4! 0.14! 185!
10X CC1! 0.49! 0.12! 158! 4.14E-11!
10X CC1B'! 0.45! 0.16! 226! 1.29E-04!
10X CC1A'! 0.37! 0.12! 124! 4.77E-02!
10X p135-CC1! 0.31! 0.1! 147! 1.13E-09!
Dynein MT Gliding with p150 Fragments
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p150 Fragment Effects on Dynein Affinity for MTs 
 To assess for changes in association of dynein with MTs, we performed cosedimentation 
experiments with or without ATP in the presence of a 10-fold excess of p150 fragments (Fig. 3-
6).  Dynein will bind tightly to MTs in the apo (no nucleotide) state but will release due to 
stepping in the presence of ATP (Paschal et al., 1991).  The only p150 fragment that affected 
dynein’s cosedimentation with MTs was p135-CC1, which caused an increase in MT bound 
dynein in the presence of ATP and is consistent with slowed MT gliding velocity.  Given that 
CC1 reduces dynein binding in single molecule assays, it is unclear why that behavior is not 
detected in MT sedimentation.  The effect may be sufficiently subtle as to be undetectable by this 
method.  None of the p150 proteins interacted with MTs in the absence of dynein (data not 
shown). 
 
Figure 3-6. MT Sedimentation of Dynein with p150 Fragments at 25˚C.  Dynein was mixed with 10-fold molar 
excess of p150 protein and MTs with or without 10mM ATP.  Samples were sedimented and supernatants and 
pellets were analyzed by Sypro staining of SDS gels.  BSA was included to prevent non-specific interactions and 
appears in the gels.  (S = supernatant, P = pellet) Quantification of the dynein HC band is shown in the graph.  Error 


























































 To address this question more directly, we performed kinetic assays using malachite 
green phosphate detection to determine dynein’s ATPase activity at increasing MT 
concentrations (Fig. 3-7).  At 37˚C these assays revealed that CC1 decreases dynein’s affinity for 
MTs (KmMTs ~20 uM  vs  ~2 uM for dynein alone).  There was no effect of CC1B’ on dynein’s 
ATPase activity, likely do to loss of secondary structure at this temperature (Fig. 3-4, Table 3-1).  
Attempts to repeat these experiments at 25˚C were unsuccessful due to decreased sensitivity of 
the assay. 
Figure 3-7. ATPase Kinetics for Dynein with CC1B’ and CC1 at 37˚C.  ATPase activities at increasing MT 
concentrations were recorded and fit with Michealis-Menten kinetics.  Vmax and KmMT were calculated from the 


























































Dynein" 2.002 ± .4487" 148.8 ± 6.394" 0.9069"
Dynein + CC1B" 4.707 ± 1.717" 173.6 ± 16.34" 0.8374"
Dynein + CC1" 20.79 ± 10.62" 319.9 ± 92.04" 0.8901"
Dynein + CC1B’" Dynein + CC1"
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In Vivo Studies with p150-GFP Over-Expression Constructs 
 Given the effects of p150 fragments on dynein’s in vitro behavior, we examined different 
dynein cargos following over-expression of CC1 and CC1B’-GFP in Cos7 cells.  Historically, 
CC1 overexpression has consistently disrupted dynein-based transport and is often used as a 
proxy for direct dynein inhibition (Quintyne et al., 1999), as has overexpression of the dynactin 
subunit p50, also known as dynamitin because its excess dissociates p150 from the dynactin 
complex (Echeverri, 1996; Burkhardt et al., 1997).  The hypothesized mechanism is that a 
surplus of CC1 or p50 dissociates dynein from dynactin and prevents dynein recruitment to cargo 
and/or its activation, however our biophysical data indicate that CC1 may have additional 
inhibitory activity.  We were curious if in cases where dynactin is only required for activation 
and not recruitment, CC1 may be inhibitory while CC1B’ is activating.   
 Before examining specific cargo, we assayed for any effects of CC1 or CC1B’-GFP on 
dynein or dynactin complex integrity.  We found that both fragments cosedimented with dynein 
without altering IC or p150 sedimentation patterns, suggesting that they interact with dynein in 
vivo, are not incorporated into dynactin (since p150 is not displaced), and do not disrupt either 
complex (Fig. 3-3 E). 
We next examined effects on the interphase MT network because CC1 or p50 
overxpression are reported to increase the incidence of unfocused MT arrays (Quintyne et al., 
1999; Burkhardt et al., 1997).  Quintyne and colleagues proposed that dynactin anchors MTs at 
the interphase centrosome and requires dynein for transport there.  This model predicts that 
CC1B’ will have a similar effect on MT organization, and indeed CC1 and CC1B’ 
overexpression caused similar two-fold increases in unfocused MT networks relative to controls 
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(Fig. 3-8).  We therefore excluded cells with abnormal MTs in all further analyses. 
 
Figure 3-8. CC1 and CC1B’–GFP Over-Expression Disrupts MT Arrays.  (A) Quantification of cells scored for 
MT phenotype in CC1-GFP and CC1B’-GFP over-expressing Cos7 cells, fixed and stained for tubulin.  Error bars 
are S.D. for three independent experiments. (B) Representative images for unfocused MT arrays in CC1 and CC1B’ 
expressing cells.  (Scale bars = 10 um) 
 
 Varying claims have been made about dynactin’s recruitment vs. activating role in 
membranous cargo transport.  The original descriptions of dynactin argued that it is an activator 
of vesicular transport and it is not required for recruitment (Schroer and Sheetz, 1991).  Some 
studies since have shown that disruption of the dynein-dynactin interaction prevents dynein 
recruitment to membranes (Splinter et al., 2012; Roghi and Allan, 1999; Muresan et al., 2001; 
Steffen et al., 1997; Waterman-Storer et al., 1997), while others have maintained that dynein can 
be recruited to membranes independently of dynactin  (Yadav et al., 2012; Tan et al., 2011; 
Lacey and Haimo, 1994; Haghnia et al., 2007). 
Since CC1 overexpression disrupts Golgi and vesicular distribution (Moughamian and 
Holzbaur, 2012; Quintyne et al., 1999; Flores-Rodriguez et al., 2011), we used it as a positive 
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a recruitment factor then CC1B’ should also be disruptive.  Both CC1 and CC1B’ were potent 
inhibitors of lysosome clustering around the centrosome in the perinuclear region (Fig. 3-9 A and 
B), consistent with reports that dynactin recruits dynein to lysosomes through RILP (Watson and 
Stephens, 2006; Johansson et al., 2007).  CC1B’ had a more moderate effect on Golgi 
morphology (Fig. 3-9 C and D), suggesting that some dynein might be recruited to the Golgi 
independently of dynein and this population is immune to dynactin displacement and potentially 
activated by CC1B’.  Alternatively, our CD data indicate that CC1B’ unfolds at physiological 
temperatures, possibly reducing its ability to displace dynein.  In this case we expect to see 
moderate effects on MT organization and lysosome localization, which we did not.  Furthermore, 
CC1B’ co-sediments strongly with dynein on a sucrose gradient of lysates prepared from CC1B’ 
over-expressing cells (Fig. 3-3 E). !
To distinguish between recruitment defects and inhibition, we observed CC1B’ effects on 
adenovirus transport to the nucleus, a cargo that does not rely on dynactin for recruitment.  Our 
lab has shown that the dynein light intermediate chains (LICs) directly mediate the interaction 
with adenovirus and that p50 overexpression does not displace dynein from the virus.  Despite 
this, p50 and CC1 overexpression strongly interfere with viral transport (Kim et al., 2007; 
Bremner et al., 2009).  We hypothesized that free, full length p150 or CC1 inhibit transport by 
directly deactivating dynein, and that CC1B’ would allow normal or improved movement of 
virus to the nucleus.  However, CC1B’ overexpression inhibited virus transport though the 
effects were modest in comparison to CC1 overexpression and the level of inhibition was not 
statistically significant (Fig. 3-10).  Again, unfolded CC1B’ may be incapable of inducing 
processivity increases.  
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Figure 3-9. Effects of CC1 and CC1B’ Over-Expression on Membranous Organelles.  (A) Quantification of 
CC1 and CC1B’ over-expression effects on lysosomes.  Error bars are S.D. for three independent experiments.  (B) 
Representative images of Lamp2 staining in CC1 and CC1B’ over-expressing Cos7 cells.  Scale bars = 10 um.  (C) 
Representative images of Golgi staining in CC1 and CC1B’ over-expressing Cos7 cells.  Scale bars = 10 um.  (D) 
Quantification of CC1 and CC1B’ over-expression effect on Golgi morphology.  Error bars are S.D. for three 
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Figure 3-10. Effect of CC1 and CC1B’ Over-Expression on Adenovirus Transport to the Nucleus. (A) 
Quantification of the proportion of virus particles at the nucleus one hour post infection.  Error bars are S.D. for 
three independent experiments. (**p<.005, two-tailed T-test) (B) Representative images of over-expressing Cos7 
cells stained for tubulin and adenovirus. 
 
Discussion 
 We initiated this study to determine if (1) dynactin’s MT binding activity is required to 
increase dynein’s run length and (2) if dynactin affects dynein’s force production.  Because a 
stable purified mammalian dynein-dynactin complex cannot be formed without the addition of 
another protein (Mckenney et al., 2010; Splinter et al., 2012), and other studies have shown that 
dynactin containing truncated forms of p150 can increase dynein processivity (Vallee et al., 
2012; Kardon et al., 2009; Kim et al., 2007), we tested the effects of dynein-interacting p150 
fragments on dynein activity in single and multiple motor assays in vitro and on transport of 
cargo in vivo.  
 Circular dichroism and multi-angle light scattering indicate that the fragments are well-
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stable than the other fragments (Fig. 3-4), which was recently confirmed by another group 
(Watanabe et al., 2011; Siglin et al., 2013).  Pull down experiments here and elsewhere 
(Vaughan and Vallee, 1995; Mckenney et al., 2011; Karki and Holzbaur, 1995) indicate that the 
primary mode of interaction for CC1B’ is through the dynein IC N-terminal region.  CC1B’-
contianing p150 fragments cosediment with dynein on sucrose gradients and do not appear to 
discernably alter dynein structure (Fig. 3-3). 
p150 Fragment Effects on Single Molecule Dynein Behavior 
 We did not detect any alterations to force production of processive dynein motors by any 
p150 fragments.  Other single molecule measurements reveal mixed effects on dynein’s activity.  
CC1B’ and p135-CC1 increase dynein processivity to the same extent reported for whole 
dynactin complex (Mckenney et al., 2011; Kardon et al., 2009; King and Schroer, 2000).  
Curiously, p135-CC1 also causes dynein to become diffusive in 50% of cases.  CC1, on the other 
hand, is completely inhibitory and decreases bead binding fraction by 65%.  Of the beads that do 
bind, 70% show diffusive movement, compared to 10-25% for controls.  Additionally, non-
diffusive CC1-dynein complexes have velocities that are half that of controls.  We hypothesize 
that the CC1A’ may sterically hinder dynein since it forms a coiled-coil predicted to be 20 nm.  
This region may be less inhibitory in the context of p135-CC1 because it contains part of the 
basic domain, which may allow transient interactions with MTs preventing the coiled-coil from 
interfering with the motor domain.  Interestingly CC1B’ seems to enhance coordination in 
dynein stepping by reducing back steps and side steps, while increasing the number of large 
forward steps.  This supports a recent study showing that dynein heads are more coordinated 
when step sizes are larger (Siglin et al., 2013; Qiu et al., 2012). 
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Some evidence exists that dynactin may have inhibitory effects on dynein.  GFP tagged 
dynein-dynactin purified from mouse brain moved bi-directionally, with 30% of movements in 
the plus end direction (Tokito et al., 1996; Ross et al., 2006).  The extent of dynein-dynactin 
complex formation in this study is unclear and there is no direct comparison to dynein purified 
under the same conditions, but the basic domain of p150 is capable of mediating one-
dimensional diffusion of the dynactin complex along MTs (Siglin et al., 2013; Culver-Hanlon et 
al., 2006), so the plus-end directed motions may have been diffusive.  Ross et al. argue plus-end 
movements were not diffusive, since their velocity was ATP dependent, however ATP-depend 
dynein diffusion has been observed (Mckenney et al., 2011; Wang and Sheetz, 1999).  Diffusion 
along MTs may allow dynein to move around roadblocks by moving to different protofilaments 
or to search the MT for the plus end where it awaits cargo.  Indeed several kinesins display both 
diffusive and processive movement (Ori-McKenney et al., 2010; Cooper and Wordeman, 2009; 
Harms et al., 2012).  The dual properties of p135-CC1 may represent a way for dynein to switch 
between modes, though we have not observed both behaviors for a single molecule.  While the 
mechanism of CC1 inhibition remains unclear, it is an important observation given the 
ubiquitous use of CC1 to displace dynactin from dynein and indicates additional 
mechanochemical inhibition. 
p150 Fragment Effects on Ensemble Dynein Behavior 
 Interestingly p135-CC1 effects on several multi-motor dynein behaviors is consistent 
with increased processivity, namely slowed MT gliding and increased dynein sedimentation in 
the presence of ATP.  Neither of these effects were observed with CC1B’ however, perhaps due 
to its thermal instability.  Though, gliding and MT sedimentation assays were performed at only 
a few degrees above single molecule assays, the loss of dimeric CC1B’ in the population may 
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have been great enough to prevent a detectable effect.  Alternatively, the diffusivity conferred by 
half of the p135-CC1-dynein complexes may have enhanced interactions with MTs in these 
assays.  CC1 also showed behavior consistent with inhibition in the single molecule assays.  
Though CC1 did not change dynein co-sedimentation with MTs, it did alter the affinity for MTs 
as measured from Michealis-Menten kinetics in ATPase assays.  Possibly the concentration of 
MTs and dynein used in the sedimentation assays were not in the correct range to detect 
alterations in dynein’s sedimentaion.  The increased speed of MTs in gliding assays, may be 
consistent with the presence of more weakly bound diffusive motors that decrease the drag on 
the MT, though this is admittedly difficult to reconcile with decreased single molecule speeds.  
Interestingly, NudE, another dynein regulatory factor which decreases dynein’s interaction with 
MTs (Lau et al., 1984; Mckenney et al., 2010) also increases dynein’s MT gliding speed 
(Richard McKenney, unpublished data). 
p150 Fragment Effects Dynein Activity In Vivo 
 Despite its thermal instability, we found that CC1B’ and CC1 equally inhibit formation of 
focused MT arrays and lysosome transport, suggesting that dynein localization to lysosomes or 
MTOC maintenance requires the entire dynactin complex.  In support of this the C-terminus of 
p150 interacts with RILP, whose overexpression leads to highly compact lysosomal cluster at the 
MTOC (Kardon et al., 2009; Johansson et al., 2007; Kim et al., 2007).  Furthermore p150 CC2 
and p24 over-expression disrupt MT organization though they do not affect the stability of 
dynactin (Quintyne et al., 1999), implying they might have dynein-independent centrosomal 
functions and that CC1B’ disrupts transport of dynactin to the centrosome. 
 Dynein is recruited to the Golgi directly by golgin 160 (Svoboda and Block, 1994; Yadav 
et al., 2012) and via dynactin through spectrin (Mckenney et al., 2010; Muresan et al., 2001; 
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King and Schroer, 2000), Rab6 and BicD2 (King and Schroer, 2000; Hoogenraad et al., 2003; 
Matanis et al., 2002), and possibly huntingtin and huntingtin associated protein 1 (Whitby et al., 
1992; Caviston et al., 2007).  The extreme Golgi disruption caused by over-expressed CC1 may 
represent dynein displacement and inhibition of golgin 160-recruited dynein while the CC1B’ 
phenotype is more subtle because it does not inhibit dynein in addition to displacing it.  An 
interesting experiment would be to artificially recruit CC1 or CC1B’ to mitrochondria and see if 
they equally drive minus-end transport. 
 Though adenovirus recruits dynein via LIC1, viral transport is inhibited by over-
expression of CC1 and N-terminally truncated p150, which has an N-terminal boundary similar 
to CC1.  This can be explained by CC1’s in vitro inhibition.   The moderate CC1B’ phenotype 
may reflect that while dynactin does not recruit dynein to adenovirus, other portions of the 
dynactin complex are required.  Specifically, the p150 N-terminal region, though not required for 
processive motion might be necessary to localize dynein to MT plus-ends where it can encounter 
incoming viruses. 
Conclusions and Future Studies 
 The finding that CC1B’ can change dynein’s stepping pattern and increase run length is 
particularly surprising and suggests very long range allosteric regulation of the dynein motor.    
However, the in vivo studies are compromised by CC1B’ thermal instability and complicated by 
dyanctin’s recruitment functions and it remains to be determined if CC1B’ can activate dynein in 
a biological setting.  The existence of p135 implies that there are dynactin functions that do not 
involve its MT binding, however, these could be purely recruitment roles.  Further in vivo studies 
with p135-CC1 may resolve these questions.  For example, based on our findings, targeting CC1 
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or p135-CC1 to mitochondria should recruit dynein, however p135-CC1 should result in more 
efficient transport to the MTOC than CC1.   
 Additionally it will be important to observe in vitro dynein activities with a p150 
fragment that contains the N-terminal binding region (residues 1-555).  When expressed in 
bacteria, this protein is prone to aggregation, but we have successfully expressed and purified it 
from insect cells and are currently testing its effects on dynein.  We will also phosphorylate this 
protein at a site know to decrease its interaction with MTs and examine how this alters dynein’s 
behavior. 
The physical mechanisms of activation and inhibition for all fragments tested here are 
unknown.  We are presently working to visualize dynein in complex with these fragments by EM 
after they are labeled with nickel-conjugated gold nanoparticles, which bind to histidine tags on 
the fragments’ N or C terminus.   This will hopefully allow us to locate the position of the 
fragments relative to dynein and to detect changes in dynein structure that may account for its 
altered behaviors.  The long range allostery that we have described support the possibility that 
other dynein interactors and/or specific subunit isoforms can have profound effects on dynein 
activity, which are exciting prospects and will be major areas of study for the dynein field. 
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Materials and Methods 
Cloning and Protein Expression 
All p150 constructs for recombinant protein expression were cloned from full-length rat 
(EDL91133.1) into pGEX 6P-1 (Amersham Biosciences) using the EcoRI and XhoI restriction 
sites with C-terminal Flag and 6X His tags. Additionally, p150 CC1 and CC1B’ were cloned into 
pEGFP-N1 (Clonetech) using EcoRI and XmaI sites.  BL21-CodonPlus RIPL competent cells 
(Agilent Technologies, #230280) were transformed with pGEX 6P-1 containing the gene of 
interest.  Overnight cultures were used to inoculate 0.5-1 L of LB or Terrific Broth (Sigma, 
T5574).  All cultures were grown at 37˚C to an OD (λ600) of 0.5-0.7 and construct expression 
was induced with 0.5mM IPTG for 4-6 hours at 20˚C after 10 minutes cold shock.  Following 
induction cultures were pelleted and frozen at -80˚C until purification.  For purification, pellets 
were resuspended in cold PBS with 1mM DTT and 1:500 protease inhibitor cocktail (Sigma, 
P8340), sonicated on ice for 10 minutes, and centrifuged at 4˚C for 30 min at 150,000g with a 
final concentration of 1% Triton-X.  The supernatant was incubated with glutathione beads (GE, 
17-0756-01) for 1 hour at 4˚C, collected on a column and washed.  Beads were washed into 
cleavage buffer (50mM Tris-HCl pH 7.0, 150mM NaCl, 1mM EDTA) supplemented with 1mM 
DTT and incubated overnight at 4˚C with Precission Protease (GE, 27-0843-01).  The 
supernatant was collected and supplemented with a final concentration of 5% glycerol before 
aliquoting, flash freezing and storage at -80˚C.  Dynein GST-motor domain was generously 
provided by Peter Hook. 
Dynein Purification 
Dynein was purified from calf brain as described previously(Qiu et al., 2012; Paschal et al., 
1991; DeWitt et al., 2011; Mallik et al., 2004).  Briefly, calf brains were collected from the 
! 107!
abattoir immediately after animals were scarified, transported on ice, packed into 50mL falcon 
tubes, flash frozen and stored at -80˚C.  On the day of the prep, 120-150g brains were thawed at 
37˚C, homogenized in 120-150 mL P/H buffer (50mM HEPES, 50mM PIPES, 2mM 
MgCl2,1mM EDTA, pH 7.4),  supplemented with 1mM DTT and 1:200 protease inhibitors 
(Sigma P8340), and insoluble material was removed by sequential centrifugation at 17,000 x g 
for 30 min and 140,000 x g for 1 hr.  MTs were polymerized by addition of 20uM taxol (Sigma, 
T7402) and incubation at 37˚C for 20 min, and sedimented through at 7.5% sucrose cushion at 
17,000 x g for 1hr.  MT pellet was washed in P/H buffer and 20uM taxol, incubated at 37˚C for 
10 min, sedimented at 42,000 x g at 25˚C.  Pellet was resuspended in P/H buffer with 20uM 
taxol and 3mM GTP (Sigma G8877), incubated and sedimented as before.  Dynein was released 
by resuspending the pellet in P/H buffer with 20uM taxol and 10mM fresh ATP (Sigma A9187), 
incubated at 37˚C for 20 min and spun 75,000 x g for 30 min at 25˚C.  Supernatant was applied 
to 11mL 5-20% Tris-KCl (20mM Tris, 50mM KCl, 1mM MgSO4,1mM EDTA, pH7.4) sucrose 
gradients and centrifuges at 16 hrs at 130,000 x g at 4˚C.  Fractions were collected, analyzed by 
Coomassie staining, aliquoted, flash frozen and stored at -80˚C. 
Immunoprecipitation 
All IPs were performed in PEM-35 (35 mM PIPES, 5 mM MgSO4, 1 mM EGTA, .5 mM EDTA, 
pH 7.0) supplemented with .05 ug/ul BSA + 1 mM DTT + .1% Tween for 1-2 hrs at 4˚C with 
protein A beads (Invitrogen).  IP and/or blotting antibodies are: 74.1 (gift from Kevin Pfister), 
anti-Flag (Sigma, F1804 M2) and anti-DDDDK (Abcam ab1162). 
Sucrose Gradients 
For purified proteins, gradients were made by overlaying 4 layers of 30, 22, 14, and 6% sucrose 
in PEM-35 (35 mM PIPES, 5 mM MgSO4, 1 mM EGTA, .5 mM EDTA, pH 7.0), which were 
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allowed to linearize for 3 hrs.  Purified proteins were mixed, incubated on ice for 1 hr and 
applied to the gradient.  For cells, lysates were made in PEM-35 (35mM PIPES, 5mM MgSO4, 
1mM EGTA, .5mM EDTA, pH 7.0) supplemented with 1mM DTT and protease inhibitor 
cocktail (Sigma P8340) and cells were disrupted by passage through a fine gauge needle.  
Soluble portion of lysates were applied to gradients.  Gradients were centrifuged 3 hrs at 20,000 
x g and fractions were analysed by Western blot against dynein IC and flag (listed above), or  
GFP (Sigma, G1544), p150 (BD Transduction, 612709), and dynein IC. 
Circular Dichroism 
All proteins were dialyzed overnight into 50 mM sodium phosphate buffer pH 7.0 and CD 
measurements were taken on a Jasco-J815 spectrapolimeter in the lab of Scott Banta (Columbia 
University). Fixed temperature measurements were collected in 0.1mm cuvettes at 185- 260 nm 
wavelengths, 0.1nm data pitch, continuous scanning mode, at standard sensitivity, with scanning 
speed of 50nm/sec, response pf 8 sec., and bandwidth of 1nm.  For each sample 3 data sets were 
accumulated per run.  For melting curves data were accumulated at 222 nm from 5-85˚C (for 
CC1) and 5-60˚C (for CC1B’) in a 1mm cuvette with data pitch of 0.5˚C, a 10 sec. delay, a 
temperature slope of 40˚C/hr, standard sensitivity, 8 sec. response, and bandwidth of 1 nm.  The 
cooling curve was collected in the same manner reversing the temperature 15 sec. after reaching 
the maximum.  Molar ellipticities were calculated as described (Böhm et al., 2000; Kelly et al., 
2005). Secondary structure content predictions were made using the online server DICHROWEB 
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml). 
Multi-Angle Light Scattering 
MALS experiments were performed in the lab of John Hunt (Columbia University).  Proteins 
were dialyzed overnight into 50 mM sodium phosphate buffer and data were collected after 
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analytical gel filtration (Shodex KW-803-4E) using miniDAWN Light Scattering instrument 
(Wyatt Technology) at 4˚C.  Data anlaysis was performed with Astra (Wyatt Technology). 
Microtubule gliding assay 
MT gliding was performed in chambers constructed from acid washed cover slips adhered to 
glass slides with double-sided tape.  Rhodamine labeled MTs (Cytoskeleton,Inc, TL620M) were 
polymerized in BRB80 (80 mM K-Pipes pH 6.9, 1 mM MgCl2, 1 mM EGTA) supplemented 
with 20 uM taxol (Sigma, T7402) and 1 mM DTT.   Purified bovine dynein (88 nM) was 
incubated in the chamber for 5 min, MTs were flowed in for 5 min in buffer containing 1 mM 
ATP ( Sigma, A-9187), 10-fold molar excess p150 fragments, and an oxygen scavenging system 
(gloxy).  25X gloxy contains 25mg/ml glucose oxidase (Sigma, G7141), 5mg/ml catalase 
(Sigma, C60), 10% glucose (Sigma, G5767) and 25% BME (Sigma, M6250). After a 5 min 
incuabation, excess MTs were washed out with buffer containing 1mM ATP, 10X p150 
fragments, and gloxy.  Chamber ends were sealed with nail polish and imaged after 10 min at 26-
27˚C on an Olympus IX81 inverted microscope with 100X objective and CCD Orca-R2 
Hamamatsu camera.  Images were acquired every second for one minute and movies were 
analyzed with the manual tracking plugin for ImageJ. 
Microtubule Sedimentation Assays 
Purified bovine dynein (8nM) mixed with 10X p150 fragment and 2.5uM taxol-stabilized MTs 
(Cytoskeleton Inc, TL238) with or without 10mM ATP (Sigma, A9187) in BRB80 (80 mM K-
Pipes pH 6.9, 1 mM MgCl2, 1 mM EGTA) supplemented with 20 uM taxol, 1 mM DTT, and .05 
ug/ul BSA was incubated for 30 min at room temperature, and centrifuged for 45 min at 35,000 x 
g.  Supernatants and pellets were analyzed by Sypro staining (Molecular Probes, S-6653) 
scanned at 700nm on a Lic-or imaging system. 
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ATPase Assays 
ATPase assays were performed using malachite green phosphate detection as described 
(Mckenney et al., 2010; Baykov et al., 1988; Huang et al., 2012).  1 ug of purified bovine dynein 
was mixed with 20X p150 fragment and taxol stabilized MTs (Cytoskeleton Inc, TL238) in PEM 
30 (30mM K-PIPES, 2mM MgSO4, 2mM EGTA, pH 7.0) in 50ul reactions.  1mM ATP was 
added just before samples were incubated at 37˚C for exactly 15 min.  400 ul malachite green 
and 50 ul 34% sodium citrate were added to each tube and measurements were taken at 650 nm 
on a spectrophotometer (Beckman). 
p150 Fragment Over-Expression Studies  
Cos7 cells were transfected with GFP constructs using Effectene Transfection System (Qiagen) 
for 24 hrs, fixed in methanol, stained for tubulin, and Golgi or lysosomes.  For adenovirus 
studies cells were infected for one hour as described (Paschal et al., 1991; Bremner et al., 2009), 
before fixing and staining.  Antibodies used for staining were: anti tyrosinated tubulin (Millipore, 
MB1864)), anti-GFP (Sigma, G1544), anti-GM130 (BD Transduction, 558712), anti- LAMP2 




Baykov, A.A., O.A. Evtushenko, and S.M. Avaeva. 1988. A malachite green procedure for 
orthophosphate determination and its use in alkaline phosphatase-based enzyme immunoassay. 
Anal. Biochem. 171:266–270. 
Böhm, K.J., R. Stracke, and E. Unger. 2000. Speeding up kinesin-driven microtubule gliding in 
vitro by variation of cofactor composition and physicochemical parameters. Cell. Biol. Int. 
24:335–341. doi:10.1006/cbir.1999.0515. 
Bremner, K.H., J. Scherer, J. Yi, M. Vershinin, S.P. Gross, and R.B. Vallee. 2009. Adenovirus 
Transport via Direct Interaction of Cytoplasmic Dynein with the Viral Capsid Hexon Subunit. 
Cell Host and Microbe. 6:523–535. doi:10.1016/j.chom.2009.11.006. 
Burkhardt, J., C. Echeverri, T. Nilsson, and R. Vallee. 1997. Overexpression of the dynamitin 
(p50) subunit of the dynactin complex disrupts dynein-dependent maintenance of membrane 
organelle distribution. Journal of Cell Biology. 139:469–484. 
Caviston, J.P., J.L. Ross, S.M. Antony, M. Tokito, and E.L.F. Holzbaur. 2007. Huntingtin 
facilitates dynein/dynactin-mediated vesicle transport. Proc Natl Acad Sci USA. 104:10045–
10050. doi:10.1073/pnas.0610628104. 
Cooper, J.R., and L. Wordeman. 2009. The diffusive interaction of microtubule binding proteins. 
Current Opinion in Cell Biology. 1–6. doi:10.1016/j.ceb.2009.01.005. 
Culver-Hanlon, T.L., S.A. Lex, A.D. Stephens, N.J. Quintyne, and S.J. King. 2006. A 
microtubule-binding domain in dynactin increases dynein processivity by skating along 
microtubules. Nature Cell Biology. 8:264–270. doi:10.1038/ncb1370. 
DeWitt, M.A., A.Y. Chang, P.A. Combs, and A. Yildiz. 2011. Cytoplasmic Dynein Moves 
Through Uncoordinated Stepping of the AAA+ Ring Domains. Science. 
doi:10.1126/science.1215804. 
Dixit, R., J.R. Levy, M. Tokito, L.A. Ligon, and E.L.F. Holzbaur. 2008. Regulation of dynactin 
through the differential expression of p150Glued isoforms. J Biol Chem. 283:33611–33619. 
doi:10.1074/jbc.M804840200. 
Echeverri, C. 1996. Molecular characterization of the 50-kD subunit of dynactin reveals function 
for the complex in chromosome alignment and spindle organization during mitosis. Journal of 
Cell Biology. 132:617–633. 
Flores-Rodriguez, N., S.S. Rogers, D.A. Kenwright, T.A. Waigh, P.G. Woodman, and V.J. 
Allan. 2011. Roles of Dynein and Dynactin in Early Endosome Dynamics Revealed Using 
Automated Tracking and Global Analysis. PLoS ONE. 6:e24479. 
doi:10.1371/journal.pone.0024479.g005. 
Haghnia, M., V. Cavalli, S. Shah, K. Schimmelpfeng, R. Brusch, G. Yang, C. Herrera, A. Pilling, 
and L. Goldstein. 2007. Dynactin is required for coordinated bidirectional motility, but not for 
! 112!
dynein membrane attachment. Molecular Biology of the Cell. 18:2081. 
Harms, M.B., K.M. Ori-McKenney, M. Scoto, E.P. Tuck, S. Bell, D. Ma, S. Masi, P. Allred, M. 
Al-Lozi, M.M. Reilly, L.J. Miller, A. Jani-Acsadi, A. Pestronk, M.E. Shy, F. Muntoni, R.B. 
Vallee, and R.H. Baloh. 2012. Mutations in the tail domain of DYNC1H1 cause dominant spinal 
muscular atrophy. Neurology. doi:10.1212/WNL.0b013e3182556c05. 
Hoogenraad, C.C., P. Wulf, N. Schiefermeier, T. Stepanova, N. Galjart, J.V. Small, F. Grosveld, 
C.I. De Zeeuw, and A. Akhmanova. 2003. Bicaudal D induces selective dynein-mediated 
microtubule minus end-directed transport. EMBO J. 22:6004–6015. doi:10.1093/emboj/cdg592. 
Huang, J., A.J. Roberts, A.E. Leschziner, and S.L. Reck-Peterson. 2012. Lis1 Acts as a "Clutch‘’ 
between the ATPase and Microtubule-Binding Domains of the Dynein Motor. Cell. 150:975–
986. doi:10.1016/j.cell.2012.07.022. 
Johansson, M., N. Rocha, W. Zwart, I. Jordens, L. Janssen, C. Kuijl, V.M. Olkkonen, and J. 
Neefjes. 2007. Activation of endosomal dynein motors by stepwise assembly of Rab7-RILP-
p150Glued, ORP1L, and the receptor  lll spectrin. The Journal of Cell Biology. 176:459–471. 
doi:10.1083/jcb.200606077. 
Kardon, J.R., S.L. Reck-Peterson, and R.D. Vale. 2009. Regulation of the processivity and 
intracellular localization of Saccharomyces cerevisiae dynein by dynactin. Proc Natl Acad Sci 
USA. 106:5669–5674. doi:10.1073/pnas.0900976106. 
Karki, S., and E.L. Holzbaur. 1995. Affinity chromatography demonstrates a direct binding 
between cytoplasmic dynein and the dynactin complex. J Biol Chem. 270:28806–28811. 
Kelly, S.M., T.J. Jess, and N.C. Price. 2005. How to study proteins by circular dichroism. 
Biochimica et Biophysica Acta (BBA) - Proteins & Proteomics. 1751:119–139. 
doi:10.1016/j.bbapap.2005.06.005. 
Kim, H., S.C. Ling, G.C. Rogers, C. Kural, P.R. Selvin, S.L. Rogers, and V.I. Gelfand. 2007. 
Microtubule binding by dynactin is required for microtubule organization but not cargo 
transport. The Journal of Cell Biology. 176:641–651. doi:10.1083/jcb.200608128. 
King, S.J., and T.A. Schroer. 2000. Dynactin increases the processivity of the cytoplasmic 
dynein motor. Nature Cell Biology. 2:20–24. doi:10.1038/71338. 
Lacey, M., and L. Haimo. 1994. Cytoplasmic dynein binds to phospholipid vesicles. Cell Motil 
Cytoskeleton. 28. 
Lau, S.Y., A.K. Taneja, and R.S. Hodges. 1984. Synthesis of a model protein of defined 
secondary and quaternary structure. Effect of chain length on the stabilization and formation of 
two-stranded alpha-helical coiled-coils. J Biol Chem. 259:13253–13261. 
Mallik, R., B.C. Carter, S.A. Lex, S.J. King, and S.P. Gross. 2004. Cytoplasmic dynein functions 
as a gear in response to load. Nature. 427:649–652. doi:10.1038/nature02293. 
! 113!
Matanis, T., A. Akhmanova, P. Wulf, E. Del Nery, T. Weide, T. Stepanova, N. Galjart, F. 
Grosveld, B. Goud, C.I. De Zeeuw, A. Barnekow, and C.C. Hoogenraad. 2002. Bicaudal-D 
regulates COPI-independent Golgi-ER transport by recruiting the dynein-dynactin motor 
complex. Nature Cell Biology. 4:986–992. doi:10.1038/ncb891. 
Mckenney, R.J., M. Vershinin, A. Kunwar, R.B. Vallee, and S.P. Gross. 2010. LIS1 and NudE 
Induce a Persistent Dynein Force-Producing State. Cell. 141:304–314. 
doi:10.1016/j.cell.2010.02.035. 
Mckenney, R.J., S.J. Weil, J. Scherer, and R.B. Vallee. 2011. Mutually Exclusive Cytoplasmic 
Dynein Regulation by NudE-Lis1 and Dynactin. Journal of Biological Chemistry. 286:39615–
39622. doi:10.1074/jbc.M111.289017. 
Moughamian, A.J., and E.L.F. Holzbaur. 2012. Dynactin Is Required for Transport Initiation 
from the Distal Axon. Neuron. 74:331–343. doi:10.1016/j.neuron.2012.02.025. 
Muresan, V., M.C. Stankewich, W. Steffen, J.S. Morrow, E.L. Holzbaur, and B.J. Schnapp. 
2001. Dynactin-dependent, dynein-driven vesicle transport in the absence of membrane proteins: 
a role for spectrin and acidic phospholipids. Molecular Cell. 7:173–183. 
Ori-McKenney, K.M., J. Xu, S.P. Gross, and R.B. Vallee. 2010. A cytoplasmic dynein tail 
mutation impairs motor processivity. Nature Cell Biology. 12:1228–1234. doi:10.1038/ncb2127. 
Paschal, B.M., H.S. Shpetner, and R.B. Vallee. 1991. Purification of brain cytoplasmic dynein 
and characterization of its in vitro properties. Biothermodynamics, Part A. 196:181–191. 
Qiu, W., N.D. Derr, B.S. Goodman, E. Villa, D. Wu, W. Shih, and S.L. Reck-Peterson. 2012. 
Dynein achieves processive motion using both stochastic and coordinated stepping. Nat Struct 
Mol Biol. doi:10.1038/nsmb.2205. 
Quintyne, N.J., S.R. Gill, D.M. Eckley, C.L. Crego, D.A. Compton, and T.A. Schroer. 1999. 
Dynactin is required for microtubule anchoring at centrosomes. The Journal of Cell Biology. 
147:321–334. 
Roghi, C., and V.J. Allan. 1999. Dynamic association of cytoplasmic dynein heavy chain 1a with 
the Golgi apparatus and intermediate compartment. Journal of Cell Science. 112 ( Pt 24):4673–
4685. 
Ross, J.L., K. Wallace, H. Shuman, Y.E. Goldman, and E.L.F. Holzbaur. 2006. Processive 
bidirectional motion of dynein–dynactin complexes in vitro. Nature Cell Biology. 8:562–570. 
doi:10.1038/ncb1421. 
Schroer, T.A., and M.P. Sheetz. 1991. Two activators of microtubule-based vesicle transport. 
The Journal of Cell Biology. 115:1309–1318. 
Siglin, A.E., S. Sun, J.K. Moore, S. Tan, M. Poenie, J.D. Lear, T. Polenova, J.A. Cooper, and 
J.C. Williams. 2013. Dynein and Dynactin Leverage Their Bivalent Character to Form a High-
Affinity Interaction. PLoS ONE. 8:e59453. doi:10.1371/journal.pone.0059453.s009. 
! 114!
Splinter, D., D.S. Razafsky, M.A. Schlager, A. Serra-Marques, I. Grigoriev, J. Demmers, N. 
Keijzer, K. Jiang, I. Poser, A.A. Hyman, C.C. Hoogenraad, S.J. King, and A. Akhmanova. 2012. 
BICD2, dynactin and LIS1 cooperate in regulating dynein recruitment to cellular structures. 
Molecular Biology of the Cell. doi:10.1091/mbc.E12-03-0210. 
Steffen, W., S. Karki, K.T. Vaughan, R.B. Vallee, E.L. Holzbaur, D.G. Weiss, and S.A. 
Kuznetsov. 1997. The involvement of the intermediate chain of cytoplasmic dynein in binding 
the motor complex to membranous organelles of Xenopus oocytes. Molecular Biology of the 
Cell. 8:2077–2088. 
Svoboda, K., and S.M. Block. 1994. Force and velocity measured for single kinesin molecules. 
Cell. 77:773–784. 
Tan, S.C., J. Scherer, and R.B. Vallee. 2011. Recruitment of dynein to late endosomes and 
lysosomes through light intermediate chains. Molecular Biology of the Cell. 22:467–477. 
doi:10.1091/mbc.E10-02-0129. 
Tokito, M.K., D.S. Howland, V.M. Lee, and E.L. Holzbaur. 1996. Functionally distinct isoforms 
of dynactin are expressed in human neurons. Molecular Biology of the Cell. 7:1167–1180. 
Vallee, R.B., R.J. Mckenney, and K.M. Ori-McKenney. 2012. Multiple modes of cytoplasmic 
dynein regulation. Nature Cell Biology. 14:224–230. doi:10.1038/ncb2420. 
Vaughan, K.T., and R.B. Vallee. 1995. Cytoplasmic dynein binds dynactin through a direct 
interaction between the intermediate chains and p150Glued. The Journal of Cell Biology. 
131:1507–1516. 
Wang, Z., and M.P. Sheetz. 1999. One-dimensional diffusion on microtubules of particles coated 
with cytoplasmic dynein and immunoglobulins. Cell Struct Funct. 24:373–383. 
Watanabe, Y., M. Ichikawa, T. Murayama, T. Kobayashi, T. Kitai, T. Takahagi, H. Sakakibara, 
K.H. Bui, T. Ishikawa, and Y.Y. Toyoshima. 2011. Submolecular structure of cytoplasmic 
dynein tail. Molecular Biology of the Cell. 22:ASCB Abstract No 899. 
Waterman-Storer, C.M., S.B. Karki, S.A. Kuznetsov, J.S. Tabb, D.G. Weiss, G.M. Langford, and 
E.L. Holzbaur. 1997. The interaction between cytoplasmic dynein and dynactin is required for 
fast axonal transport. Proc Natl Acad Sci USA. 94:12180–12185. 
Watson, P., and D.J. Stephens. 2006. Microtubule plus-end loading of p150Glued is mediated by 
EB1 and CLIP-170 but is not required for intracellular membrane traffic in mammalian cells. 
Journal of Cell Science. 119:2758–2767. doi:10.1242/jcs.02999. 
Whitby, F.G., H. Kent, F. Stewart, M. Stewart, X. Xie, V. Hatch, C. Cohen, and G.N. Phillips. 
1992. Structure of tropomyosin at 9 angstroms resolution. Journal of Molecular Biology. 
227:441–452. 
Yadav, S., M.A. Puthenveedu, and A.D. Linstedt. 2012. Golgin160 Recruits the Dynein Motor to 
Position the Golgi Apparatus. Developmental cell. 23:153–165. 
! 115!
doi:10.1016/j.devcel.2012.05.023. 
 !!
